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ABSTRACT 


A study  has  been  made  of  the  effects  of  hard  oxide  coatings  pro- 
duced by  the  MHC  process  on  the  properties  of  five  wrought  and  two 
cast  aluminum  alloys*  Coating  thicknesses  ranging  from  0.0005  inch  to 
0.005  inch  were  studied.  Of  the  many  properties  that  were  studied,  the 
abrasion  resistance  of  the  coatings  and  their  effect  on  the  fatigue 
strength  of  the  parent  metal  are  the  most  significant.  The  abrasion 
resistance  of  the  hard  coatings  is  far  in  excess  of  that  of  coatings 
produced  by  standard  anodizing  treatments  and  has  been  demonstrated  to 
be  equal  to  or  better  than  that  of  thin  cyanide  coatings  on  steel.  In 
addition  to  this,  the  coatings  impart  increased  corrosion  resistance  to 
the  aluminum  alloy  surface.  The  abrasion  resistance  decreases  with  ex- 
posure to  humidity  and  atmospheric  conditions  but  proper  post-treatments, 
other  than  boiling  water  which  is  used  for  sealing  regular  anodized 
coatings,  will  undoubtedly  prevent  this.  The  most  serious  shortcoming 
of  the  coatings  has  been  found  to  be  their  drastic  lowering  of  the  fatigue 
strength  of  the  coated  alloy.  Decreases  as  much  as  65$  in  the  base  metal 
fatigue  strength  have  been  found.  The  effect  is  not  proportional  to 
coating  thickness  and  coatings  of  0.001  inch  produce  practically  the  same 
effect  as  0.005-inch  coatings. 
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INTRODUCTION 


The  light  weight  per  unit  volume  of  aluminum  is  desirable  in  many 
applications  where  its  wear  resistance  prohibits- its  use.  Aluminum 
might  also  be  desirable  in  some  applications  because  of  the  ease  of 
fabrication  and  its  availability  in  a wide  range  of  extruded  sections. 
On  the  other  hand,  the  weight  or  susceptibility  to  corrosion  of  case 
hardened  steel  make  its  use  undesirable  for  the  same  applications. 

A solution  to  this  dilemma  evidently  lies  in  a method  for  pro- 
ducing on  aluminum  a surface  which  is  comparable  to  that  of  case  hard- 
ened steel.  During  the  past  few  years,  several  processes  for  the  pro- 
duction of  hard  oxide  films  on  aluminum  and  its  alloys  of  greater 
thicknesses  than  can  be  formed  by  the  regular  anodizing  processes  have 
made  their  appearance.  These  processes  were  welcomed  by  many  designers 
as  the  solution  to  their  problems.  Because  of  the  newness  of  the  pro  - 
cesses,  little  data  other  than  the  effect  of  the  coating  on  wear  resist- 
ance were  readily  available. 

With  many  new  processes  the  too  eager  acceptance  and  over  appli- 
cation by  designers  had  led  to  an  early  misuse  and  resultant  adverse 
criticism  which  has  been  difficult  to  overcome.  This  has  resulted  in 
a general  reluctance  on  the  part  of  others  to  make  use  of  these  pro- 
cesses even  for  those  applications  to  which  they  are  ideally  suited. 

In  order  to  prevent  this  from  occurring  and  to  make  available  as  much 
data  on  the  properties  of  the  hard  coatings  as  possible  in  a relatively 
short  time  after  their  introduction,  the  Wright  Air  Development  Center 
sponsored  this  test  program  under  contract  number  AF  l8(6QO)-98  to 
investigate  the  effects  of  hard  coatings  on  the  properties  of  aluminum 
alloys  and  to  obtain  design  data  which  may  be  applicable  to  aircraft 
and  guided  missiles.  The  results  of  this  program  are  presented  herein 
together  with  most  of  the  other  data  that  have  been  published  regarding 
the  processes  for  producing  hard  oxide  films  on  aluminum  and  its  alloys. 


WADC  TR  53-151 


1 


PATENT  HISTORY 


The  processes  for  producing  a hard,  wear  and  corrosion  resistant 
film  on  aluminum  by  treating  it  elec trocheraic ally  date  back  to  the 
original  development  of  the  chromic  acid  anodizing  process  by  Bengough 
and  Stuart  in  192lt  (l,  2).*  Since  that  time  a number  of  variations 
of  the  process  have  evolved  and  some  patents  issued.  A patent  history 
and  digest  for  the  anodizing  process  has  been  assembled  by  G.  H.  Hogaboon 
■which  covers  the  state  of  the  art  up  to  1915  (3).  Most  of  these  patents 
have  expired  and  only  a few  are  still  in  effect.  The  general  features 
of  these  processes  are  similar  and  all  aim  toward  the  production  of  an 
adherent  oxide  on  the  surface  of  aluminum.  The  processes  generally 
employ  direct  current  and  have  the  work  piece  as  the  anode.  A few 
utilize  alternating  current  and  the  coating  forms  only  during  that  part 
of  the  cycle  that  the  work  piece  is  the  anode.  A number  of  electrolytes 
have  been  suggested  but  only  a few  have  gained  wide  popularity:  Chromic 

acid  and  sulphuric  acid  solutions  for  producing  the  commercial  wear 
resistant  films  and  oxalic  and  other  acid  solutions  for  use  in  the  manu- 
facture of  electrolytic  condensers.  By  controlling  the  concentration 
and  composition  of  the  electrolyte,  and  voltage  conditions,  coatings 
of  various  thicknesses  and  of  varying  porosities  can  be  obtained.  The 
thickness  range  is,  however,  limited  to  coatings  below  0.001  inch,  the 
usual  commercially  produced  thickness  lying  in  the  range  of  0.0001  to 
0.0008  inch. 

Within  the  past  two  years  three  processes  have  been  developed  for 
producing  thick  oxide  coatings  on  aluminum  which  range  up  to  0.005  inch 
and  greater  in  thickness.  These  processes  are:  , The  MHC  (Martin  Hard 
Coat)  process,  the  Alumilite  Hard  Coating  process,  and  the  Hardas  pro- 
cess. The  first  of  these  processes  was  developed  at  the  Glenn  L. 

Martin  Company,  Baltimore,  Maryland.  The  patent  application  (h)  has 
since  been  acquired  by  the  Aluminum  Company  of  America  who  developed 
the  Alumilite  Hard  Coating  process.  The  latter  process  has  not  re- 
ceived any  wide  publicity  to  date.  No  specific  patent  application  has 
been  made  for  this  process  but  it  is  in  general  similar  to  the  MHC  pro- 
cess and  is  therefore  covered  by  that  patent  application.  It  is  also 
claimed  that  some  of  the  features  are  covered  by  existing  patents  for 
the  Alumilite  process  of  sulphuric  acid  anodizing.  The  Aluminum  Company 
of  America  plans  to  grant  royalty  free  licenses  to  prospective  users  of 
both  the  MHC  and  Alumilite  Hard  Coating  processes.  The  Hardas  process 
is  owned  by  Hard  Aluminum  Surfaces  Ltd.,  Glasgow,  Scotland. 


#See  bibliography. 
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LITERATURE  SURVEY 


All  of  the  processes  for  producing  a hard  coating  on  aluminum  and 
its  alloys  are  electrochemical  in  nature  and  result  in  the  formation 
of  a thick  layer  of  aluminum  oxide  on  the  surface  of  the  article  being 
treated.  The  main  difference  between  normal  anodizing  and  these  pro- 
cesses is  that  they  are  performed  at  higher  current  densities  and  the 
process  is  carried  out  at  low  temperatures  with  considerable  agitation. 
The  exact  processing  details  of  the  MHC  and  Hard  Alumilite  processes 
have  not  been  released  for  publication  but  a number  of  articles  have 
appeared ' in  periodicals  regarding  the  relative  merits  and  properties 
of  the  MHC  films  (5-9).  A paper  was  presented  in  February,  1952  by 
W.  J.  Campbell  before  the  Institute  of  Metal  Finishing  in  Birmingham, 
England  relative  to  the  Hardas  process  and  the  production  of  thick  oxide 
films  in  general  (10).  Campbell  states  that  the  thick  oxide  films  may 
be  produced  under,  a range  of  conditions  and  gives  data  for  the  variables, 
as  follows:* 

Electrical  Requirements 

Current  density  may  vary  from  0.1  ampere  per  square  inch  in  an 
oxalic  acid  electrolyte  to  3 amperes  per  square  inch  in  sulphuric  acid. 
In  the  Hardas  process  both  direct  and  alternating  currents  are  used: 
the  proportion  and  actual  voltages  depending  largely  upon  the  material 
being  treated  and  the  desired  thickness  of  the  oxide  film,  the  required 
voltage  increasing  as  the  film  becomes  thicker  in  order  to  maintain  the 
current  density  at  a constant  value.  Light  alloys  high  in  zinc  maybe 
treated  with  direct  current  only  at  0.5  ampere  per  square  inch  in  sul- 
phuric acid  at  a starting  voltage  of  20  volts,  rising  to  50  volts  in 
15  minutes,  producing  a film  0.003  inch  thick.  An  additional  process 
is  necessary  with  these  alloys  to  improve  the  adhesion  of  the  film  to 
the  metal.  lie  cast  13$  silicon  alloy  is  treated  in  sulphuric  acid 
with  a current  density  of  1.0  ampere  per  square  inch  and  a large  A.C. 
component.  A 15$  copper  alloy  has  been  successfully  treated  by  applying 
A.C.  alone  for  a short  period  to  form  a film  and  then  finishiig  with 
suitably  combined  currents. 

Proportions  of  A.C.  and  D.C.  vary  according  to  the  alloy  and,  in 
most  cases,  it  is  necessary  to  preserve  a constant  voltage  ratio  between 
them  during  the  whole  processing  period  while  the  voltage  is  being  raised 
to  maintain  constant  current  density.  Several  reasons  are  advanced  for 
the  need  of  a high  current  density.  Some  alloys  require  it  to  overcome 


-x-It  is  to  be  noted  that  certain  of  the  features  enumerated  in  the  par- 
agraphs describing  the  Hardas  processing  are  the  basis  of  the  Hard 
Aluminum  Surfaces  Ltd.  patent  applications. 


WADC  TR  53-151 


3 


passivity;  also  shorter  time  cycles  may  be  used.  The  shorter  the  pro- 
cessing schedule  the  harder  the  surface  that  is  produced.  The  electro- 
lyte has  a solvent  action  on  the  coating  and  the  porosity  of  the  coating 
increases  the  longer  this  reaction  is  allowed  to  proceed. 

As  may  be  inferred  from  the  above,  a relatively  involved  power 
setup  is  required  for  the  Hardas  process  vdiic'i  uses  a combination  of 
A.C.  and  D.C.  currents.  (For  comparison,  the  MHC  process  and  the  Hard 
Alumilite  process  require  the  use  of  D.C.  current  only.) 

Chemical  Requirements 

Both  oxalic  acid  and  sulphuric  acid  can  be  used  as  electrolytes. 
Mixtures  of  the  two  have  also  been  successful.  The  film  produced  by 
oxalic  acid  is  generally  smoother  than  that  produced  in  sulphuric  acid 
baths  but  the  latter  allows  a higher  production  rate.  Acid  concentra- 
tion is  not  critical;  in  fact,  hard  surfaces  have  been  obtained  in 
sulphuric  acid  baths  ranging  from  1%  to  70%, 

Temperature  Control 

Because  of  the  high  current  densities  involved  and  the  tendency 
toward  burning,  the  electrolyte  must  be  maintained  at  a low  temper- 
ature. The  thicker  the  film  the  greater  the  amount  of  refrigeration 
that  is  needed.  As  the  film  builds  up,  its  electrical  resistance 
increases  and  the  voltage  must  be  increased  to  maintain  the  current 
density;  this  results  in  greater  heat  input  and  requires  more  refrig- 
eration to  maintain  the  electrolyte  at  a temperature  which  will  prevent 
burning.  Heat  transfer  is  also  increased  by  agitation  of  the  solution 
and  movement  of  the  work  rod.  Optimum  temperatures  for  sulphuric  • acid 
electrolytes  seem  to  lie  between  -U°C  and  +li°C.  As  the  temperature  of 
the  electrolyte  increases  above  the  upper  limit,  the  film  becomes  pro- 
gressively softer  and  there  is  apparently  no  definite  line  of  demarca- 
tion between  "hard"  anodizing  and  "normal 11  anodizing. 

Other  Processing  Variables 

The  process  must  be  modified  according  to  the  aluminum  alloy 
treated.  It  is  preferable  to  process  only  one  alloy  at  a time.  Segre- 
gation in  castings  between  heavy  and  light  sections  sometimes  causes 
roughness  and  this  defect  has  even  been  encountered  in  extrusions 
because  of  inhomogeneity  in  the  extrusion  billet.  A thick  piece  of 
metal  may  have  to  be  treated  one  way  while  a thin  sheet  of  the  same 
alloy  may  require  modification  of  the  process.  This  is  due  to  the  dif- 
ference in  heat  dissipating  properties  of  thick  and  thin  sections. 
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CHARACTERISTICS  AND  PROPERTIES  OF  HARD  COATINGS 


Nature  of  Film 


The  film  is  basically  aluminum  oxide  produced  by  electrochemical 
oxidation  at  the  metal  surface  and  it  is  integrally  bonded  to  the  base 
metal.  The  color  of  the  film  depends  upon  the  alloy  being  treated  and 
ranges  from  light  to  dark  gray. 

Thickness 


Coating  thicknesses  up  to  0.006  inch  have  been  produced  by  the 
MHC  process  and  0.010  inch  has  been  exceeded  by  the  Hardas  process. 

These  are  in  contrast  to  standard  anodizing  which  ranges  from  0.0001 
to  0.0008  inch.  Altbou^i  the  very  thick  hard  coatings  mentioned  above 
have  been  produced  experimentally,  the  thickness  recommended  for  most 
applications  lies  between  0.002  inch  and  O.OOli  inch. 

Alloys  That  May  Be  Coated 

The  MHC  finish  may  be  applied  to  aluminum  and  its  alloys  containing 
less  than  5%  Cu  either  in  the  wrought  or  cast  form.  The  order  of  pref- 


erence  for  resistance  to  abrasive 

wear  is  as 

follows: 

Wrought 

Cast 

1.  6lS 

1. 

61*5 

2.  75S  Ale lad 

2. 

220 

3.  75S 

3. 

355 

U.  2US  Ale lad 

u. 

356 

5.  ll*S  Ale  lad 

5. 

195 

6.  52S 

co 

CM 

. 

P- 

8.  2i»S 

9.  liiS 

Alloys  other  than  those  listed  have  not  been  tested. 

The  Hardas  process  is  not  restricted  to  alloys  containing  less 
than  5%  Cu  for  it  is  claimed  that  a 1$%  Cu  alloy  has  been  successfully 
treated. 
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Growth  in  Processing 


The  growth  in  processing  is  probably  dependent  upon  the  particular 
conditions  used.  Values  reported  for  the  MHC  process  are  as  follows: 

Film  Thickness  In.  Growth  In. 


o.oook 

0.00035 

0.0008 

0.00075 

0.0020 

0.0011 

0.0014: 

0.0015 

Parts  must  be  machined  undersize  to  allow  for  this  growth  in  pro- 
cessing. It  may  be  possible  to  reclaim  some  worn  parts  by  applying 
the  hard  coating. 

Selective  Coating 

Coatings  are  normally  applied  only  to  finished  parts.  Surface 
finish  is  generally  maintained  during  the  coating  process.  When 
specific  areas  are  to  be  hard  coated,  and  the  rest  of  the  part  anodized, 
the  entire  part  is  first  anodized  and  then  properly  masked  before  hard 
coating.  Care  must  be  taken  in  the  masking  operation  as  the  flow  pat- 
terns set  up  in  the  electrolyte  and  the  insulating  properties  of  the 
stop-off  material  may  result  in  local  burning  of  the  hard  coating. 

Adherence 


The  film  is  strongly  adherent  to  most  alloys,  especially  those 
containing  magnesium.  The  poorest  adherence  is  shown  with  the  alloys 
containing  zinc.  On  right  angle  bends  over  a 3 A inch  rod,  a 0.002  inch 
MHC  coating  will  spall  off  on  the  compression  side  and  forms  fine  cracks 
on  the  tension  side.  The  coating  has  fair  impact  resistance  although 
it  is  easily  dented  and  sli^itly  chipped  when  struck  by  a hammer  re- 
peatedly. 

Abrasion  and  Wear  Resistance 


The  hest  abrasion  resistant  coatings  are  produced  on  smooth  sur- 
faces. Wear  resistance  of  the  MHC  coatings,  as  measured  by  a Taber 
Abraser,  is  better  than  case  hardened  steel  and  hard  chrome  plate. 

The  comparison  is  illustrated  by  the  data  shown  graphically  in  Figure 
1.  An  added  advantage  of  the  thick  oxide  coatings  is  that  the  wear 
is  equally  slight  on  whatever  other  metal  rubs  against  the  film.  The 
wear  resistance  of  a Hardas  film  was  dramatically  demonstrated  by 
turning  an  aluminum  rod  with  a lathe  tool  made  from  hard  surfaced  high 
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strength  aluminum  alloy*  The  tool  showed  no  wear  and  did  not  collapse 
until  an  attempt  was  made  to  use  it  on  hard  bronze. 

Coefficient  of  Friction 


Preliminary  tests  have  indicated  that  the  hard  coatings  have  a 
lower  coefficient  of  friction  than  the  untreated  metal.  Sliding  wear 
tests  indicate  that  maximum  wear  resistance  can  be  obtained  with  a- 
lubricant  of  molybdenum  sulfide  or  graphitic  grease*  The  film  possesses 
good  oil  retention  qualities  even  though  the  finest  colloidal  graphite 
will  not  pass  into  the  pores.  The  coefficient  of  friction  will  of  course 
depend  upon  the  prior  surface  finish  of  the  part  and  may  be  further  re- 
duced by  lapping  or  honing  the  hard  film. 

A Hardas  film  finished  to  about  three  microinches  gave  a coeffi- 
cient of  friction  of  0.11.  Breakdown  of  the  hard  films  is  generally 
caused  by  disintegration  of  the  oxide  layer  brought  about  by  excessive 
frictional  heat.  As  the  film  is  a good  thermal  insulator,  the  heat 
remains  localized*  Therefore,  two  hard  coated  surfaces  should  not  be 
used  where  they  rub  together  unless  the  relative  motion  is  slow  or 
intermittent. 

Hardness 


Accurate  values  have  not  been  determined  by  indentation  methods 
but  the  coating  may  be  considered  as  approximately  file  hard.  The 
hard  surface  will  scratch  window  glass.  For  use  where  the  film  is  so 
loaded  as  not  to  cause  its  collapse,  the  hardness  may  be  considered 
as  approximately  that  of  nitrided  steel.  The  film  disintegrates  under 
the  action  of  point  loading  and  heat.  Drilling  can  be  carried  out 
fairly  easily  after  a part  has  been  processed.  The  film  may  also  be 
filed  away  with  a coarse  file.  A smooth  file  has  little  effect  on 
flat  surfaces. 

Ductility 

The  coating  itself  is  brittle  and  cracks  easily  but  remains  strongly 
bonded  to  the  base  metal.  The  coating  process  causes  some  loss  of  ductil- 
ity in  the  tensile  test  of  coated  0.060  inch  75S-T6  sheet.  The  tensile 
and  yield  strengths  are  only  slightly  reduced  and  this  is  in  part  due  to 
the  decrease  in  cross  section  of  the  base  metal. 

Endurance  Strength 

Coating  produces  a marked  decrease  in  the  endurance  strength  of 
75S-T6  aluminum  alloy,  as  shown  in  Figure  2. 
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Heat  Resistance 


Tests  show  that  2itS  sheet  with  a 0.002  inch  hard  coating  will 
withstand  an  l800°F  Bunsen  burner  flame  for  one  minute  whereas  the 
uncoated  sheet  blisters  and  warps  considerably  after  1 5 seconds. 

Coefficient  of  Thermal  Expansion 

The  coefficient  of  thermal  expansion  of  the  hard  anodic  films  differs 
considerably  from  that  of  the  base  metal.  Checking  will  occur  in  the 
thicker  films  (0.002  inch  and  greater)  when  temperatures  exceed  200°F. 
However,  the  coating  shows  no  tendency  to  spall,  and  the  checking  doe  s 
not  materially  affect  the  corrosion  resistance.  It  has  been  suggested 
(10)  that  hard  coatings  may  be  purposely  crazed  by  heating  to  increase 
their  porosity  and  provide  channels  for  lubricant. 

Corrosion  Resistance 

The  hard  coatings  show  improved  corrosion  resistance  over  conven- 
tional anodizing.  Little  corrosion  was  shown  by  a 0.002  inch  coating 
after  lit  months  continuous  exposure  to  atmospheric  and  salt  water  cor- 
rosion. The  coating  is  resistant  to  most  of  the  common  chemicals  but 
is  attacked  by  strong  acids  and  alkalies. 

Electrical  Conductivity 

The  hard  coating  is  a nonconductor  and  acts  as  an  insulator  • Where- 
as standard  anodize  films  break  down  at  about  31*0  volts,  the  MHC  coatings 
withstand  a range  of  500  to  31*00  volts  depending  upon  thickness.  The 
breakdown  voltage  of  a 0.003  inch  Hardas  film  is  reported  as  20,000  volts. 

Rain  Erosion 

Tests  on  the  susceptibility  of  MHC  coatings  to  erosion  by  rain  were 
conducted  at  Cornell  Aeronautical  Laboratory,  Inc,  (11).  The  test  speci- 
mens were  mounted  at  the  ends  of  a propeller  which  rotated  at  a speed 
that  caused  the  specimens  to  strike  a uniform  rainfall  at  500  m.p.h.  The 
hard  coating  produced  by  the  MHC  process  is  the  best  inorganic  coating 
that  has  been  tested  to  date.  Some  comparative  data  are  given  below: 


Alloy  and 

Time  to  Initiate 

Time  of  Compar- 

Coating 

Erosion* 

able  Erosion 

2S  | H 

U min. 

10  min. 

2I4S-T6  Ale  lad 

5 ■ 

10  " 

2hS-T6 

30  " 

105  » 
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Alloy  and 
Coating 

2ijS-T6  Anodized 


Time  to  Initiate 
Erosion*' 


30  min. 


Time  of  Compar- 
able Erosion 


105  min. 


FS-1H  Magnesium  20  « 

2liS-T6  MHC  Coating  US  " 


70  « 
120  n 


Titanium  No  erosion  after  360  plus 

360  minutes 

*Time  to  produce  as  much  erosion  as  that  occurring  on  2ljS-T3  Alclad 
when  the  cladding  has  just  been  worn  through. 


Cost 


The  cost  of  the  hard  coating  films  in  electricity  and  chemicals 
per  unit  of  thickness  is  little  more  than  that  of  normal  anodizing. 
However,  these  coatings  are  usually  from  four  to  ten  times  as  thick 
as  the  ordinary  films  and  the  production  costs  per  part  are  propor- 
tionately higher.  The  cost  of  setting  up  the 'process  is  higher  due  to 
the  increased  refrigeration  equipment  and  provisions  for  agitation  of 
the  solution  and  movement  of  the  work  rod  that  are  necessary.  The 
Hardas  process  also  requires  a more  elaborate  electrical  setup  to  pro- 
vide both  A.C.  and  D.C.  current. 

Applications 

The  hard  coatings  have  been  applied  to  the  following  items  with 
a resultant  in^rovement : 

aluminum  bearing  races 

gears  and  pinions 

surveying  instrument  parts 

impeller  blades 

hand  tools 

swivel  joints 

friction  locks 

leading  edges  of  wings  and  airfoils 
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cams 


aluminum  jigs  and  fixtures 
pistons 

leg  braces  for  paraplegics 
jack  screw  threads 

airplane  door  thresholds  and  walkways 
carburetor  deck  plates 
aircraft  door  hinges 

Many  direct  substitutes  of  hard  coated  aluminum  for  steel  in  moving 
parts  and  static  surfaces  subjected  to  scuffing  and  other  forms  of 
wear  have  been  made  by  the  Glenn  L.  Martin  Company  in  their  aircraft. 


TEST  PROGRAM 


All  of  the  hard  oxide  coatings  that  were  tested  during  this  project 
were  applied  by  the  MHC  (Martin  Hard  Coat)  Process.  The  work  was  done 
at  Cornell  Aeronautical  Laboratory,  Inc.  in  an  experimental  tank  contain- 
ing 65  gallons  of  solution.  Processing  conditions  were  as  specified  in 
the  Aluminum  Company  of  America  Bulletin  No.  6 for  Alcoa  Finishes.  Pre- 
cleaning was  done  in  hot  $%  caustic  followed  by  treatment  in  "DO"  Deox- 
idizer, a proprietary  compound  produced  by  the  Cowles  Chemical  Company* 

The  following  alloys  were  included  in  the  investigation: 

61S-T6 
XA78S-T6 
Bare  2US-TU 
Ale  lad  2US-TU 
Bare  75S-T6 
Cast  356-T6 
Cast  220-TU 
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Coatings  were  applied  on  these  alloys  in  thicknesses  ranging 
between  0.0005  and  0*005  inch  in  thickness.  The  following  properties 
of  the  coating  and  its  effect  on  parent  metal  properties  were  studied: 

Coating  Thickness  Time  Relationships 

Growth  During  Processing 

Color  of  Coating 

Coating  Defects  and  Deficiencies 

• 

Crazing 

Blisters 

* Surface  Roughness 

Corner  Defect 

Minimum  Radii  for  Coating 

Structure 

Throwing  Power 

Abrasion  Resistance 

As-coated 

After  Exposure  to  Atmospheric  Conditions 
After  Exposure  to  Higi  Humidity 

Dielectric  Strength 

Fatigue  Strength 

Bend  Radii 

Flame  Resistance 

Heat  Resistance 

Thermal  Conductivity 

Tensile  Strength 

1 Compression  Strength 

Rain  Erosion 
Gunfire  Penetration 
Thermal  Expansion 
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Corrosion  Resistance 


Atmospheric 
Humidity 
Salt  Spray 

These  tests  are  fully  described  and  the  results  presented  in  the 
next  sections  of  this  report* 


TEST  PROCEDURES  AND  RESULTS 


Coating  Thickness  - Time  Relationships 

In  order  to  be  able  to  predict  with  a reasonable  degree  of  assurance 
that  a definite  thickness  of  coating  could  be  applied  to  a given  alloy, 
it  was  first  necessary  to  coat  a series  of  test  pieces  for  given  lengths 
of  time  and  determine  the  thicknesses  of  the  resulting  coatings.  Spec- 
imens of  each  alloy  were  coated  for  UO,  100,  and  200  minutes  and  the 
coatings  measured  microscopically  (12,  13)*  Thickness  vs.  time  curves 
were  plotted  and  these  were  used  to  apply  given  thicknesses  of  coatings 
on  the  specimens  to  be  tested*  Small  pieces  were  also  out  from  the  first 
series  of  test  specimens  and  the  coating  thicknesses  measured  to  provide 
more  points  and  better  establish  the  curves.  The  thickness  of  coating 
vs.  time  curves  are  shown  in  Figure  3*  It  should  be  noted  that  the 
Current  density  could  not  be  maintained  for  the  6lS  alloy  with  the  130 
volt  generator  which  was  used  and  this  curve  falls  off  far  this  reason. 

The  75S  and  XA?8S  alloys  allow  the  coating  to  build  up  faster  than  the 
2hS  bare  or  AlpJLad.,  Actual  thicknesses  close  to  0.009  inch  were  measured 
for  the  75S  and  XA78S  alloys.  However,  in  these  greater  thicknesses,  the 
edges  tend  to  crumble  and  the  surface  layers  are  soft  and  powdery. 

The  curves  as  presented  in  Figure  3 apply  only  for  the  coating  con- 
ditions specified  in  the  Aluminum  Company  of  America  Bulletin  No.  6 for 
Alcoa  Finishes  and  deviations  from  these  conditions  will  influence  the 
rate  of  coating  and  the  maximum  thickness  obtainable. 

Growth  During  Coating 

The  test  specimens  were  accurately  measured  before  and  after  coating 
and  the  increase  in  thickness  obt aired  for  the  various  coating  thicknesses 
which  were  measured  metallographically.  These  data  are  plotted  for  the 
various  alloys  in  Figure  U.  It  can  be  seen  that  all  of  the  alloys  show 
a uniform  growth  equal  to  approximately  one -half  the  thickness  of  the 
coating.  This  is  to  be  expected  inasmuch  as  the  basic  constituent  of  all 
of  the  coatings  is  the  same. 
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Color  of  Coatings 


The  color  of  the  coating  depends  both  upon  the  alloy  and  upon  the 
coating  thickness.  6lS  and  2l*S  bare  and  Alclad  have  a light  tan  or 
gray  color  for  a 0.0005-inch  coating  which  gradually  darkens  to  a jet 
black  as  0.003  inch  is  exceeded.  The  75S  and  XA78S  alloys  have  a light 
tan  color  when  coated  with  0.0005  inch  which  turns  to  jet  black  for 
0.001  inch.  The  color  then  changes  to  a blue-gray  which  gets  progres- 
sively lighter  until  at  0.009  inch  the  coating  is  almost  white.  On 
99*99%  purity  aluminum,  the  coating  is  colorless  for  the  0.001-inch 
thickness  and  slowly  changes  to  a light  brown  as  the  thickness  is  in- 
creased to  0.005  inch.  The  color  of  the  coatings  is  also  dependent  upon 
the  amount  and  type  of  alloy  previously  processed  in  the  bath. 

Coating  Defects  and  Deficiencies 

Crazi ng  - or  fine  hairline  cracks  are  present  on  the  surface  of  the 
coating  when  it  is  withdrawn  from  the  processing  bath.  These  cracks 
occur  during  the  processing  cycle.  As  the  coating  warms  up  to  room 
temperature,  the  number  of  cracks  in  the  coating  increases.  If  a coated 
piece  is  held  near  the  ear,  the  cracking  of  the  coating  is  audible.  The 
cracks  are  not  as  clearly  visible  on  the  alloys  that  form  dark  gray  and 
black  coatings  as  they  are  on  the  transparent  coatings  formed  on  pure 
aluminum.  Figure  5 shows  the  crazed  pattern  that  developed  on  a piece 
of  commercially  pure  aluminum. 

Blisters  - have  been  encountered  in  some  of  the  2i;S  Alclad  specimens. 
Their  occurrence  seems  to  be  directly  related  to  the  ratio  of  the  thick- 
ness of  the  coating  to  the  thickness  of  the  cladding.  When  the  thickness 
of  the  hard  coating  exceeds  the  thickness  of  the  cladding,  blistering  is 
liable  to  occur.  Figure  6 shows  a 0.00U-inch  coating  on  0.031-inch  sheet 
and  on  0. 082-inch  sheet.  The  0.031-inch  sheet  is  badly  blistered  while 
the  0.082-inch  sheet  is  uniformly  coated.  The  cladding  on  the  two  sheets 
was  0.0022  and  0.0056  inch  respectively.  This  defect  seems  to  be  asso- 
ciated with  particular  lots  of  material  as  other  lots  of  this  alloy  have 
been  processed  which  coated  satisfactorily. 

Surface  Roughness  - is  increased  when  the  2i|S  bare  alley  is  processed. 
It  is  not  as  pronounced  in  the  case  of  sheet  stock  as  it  is  in  bar  stock. 
The  coating  process  seems  to  accentuate  the  macrostructure.  However,  this 
roughness  can  be  eliminated  if  the  part  is  made  slightly  oversize  (allow- 
ing for  increase  in  dimensions  due  to  coating)  and  lapped  down  to  the 
finish  dimension  after  coating.  Figure  7 shows  a spool  for  a hydraulic 
valve  before  and  after  applying  a 0.003-inch  coating.  The  part  was  sub- 
sequently lapped  and  placed  in  an  experimental  valve  which  has  outperformed 
the  previously  used  stainless  steel  spools  in  all  respects. 
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Comer  Defect  - The  coating  does  not  form  satisfactorily  at  comers 
and  has  a tendency  to  crumble  at  these  points.  This  is  due  to  the  nature 
of  the  mechanism  of  formation  of  the  coating  (lit).  The  process  is  the 
reverse  of  electroplating  in  that  the  reaction  proceeds  inward  from  the 
surface  of  the  piece  being  coated.  As  the  coating  is  formed,  the  spe- 
cific volume  increases  and  a growth  occurs.  At  corners,  the  coating  is 
able  to  grow  inward  to  some  extent  but  the  corner  cannot  expand  in  three 
directions  and  a void  occurs  as  shotm  in  Figure  8.  The  voids  are  not  as 
pronounced  in  the  thinner  coatings  as  in  the  thicker  ones. 

Minimum  Radii  for  Coating 

Stepped  specimens  were  turned  from  6lS  alley  rod  and  coated  with 
a 0.003-inch  coating.  The  specimens  were  so  made  that  the  smallest 
diameter  was  1/16  inch  and  the  diameter  of  each  successive  step  in- 
creased by  1/16  inch  increments.  The  specimens  were  cut  up  after  coating 
and  cross  sections  of  the  various  diameters  examined  metallographically. 
The  number  of  cracks  in  the  coating  was  counted  for  each  diameter. 
Photographs  of -the  cracks  in  two  of  the  sections  are  shown  in  Figure  9. 


The  data  are  tabulated  below: 

Diameter 

Circumference 

No.  of  Cracks 

Cracks  /inch 

1/16  Inch 

0.196 

36 

181 

1/8  « 

0.393 

28 

71 

3A6  " 

0.590 

25 

12 

iA  n 

0.785 

2 1 

31* 

(straight  section) 

1.125  long 

12 

11 

If  the  cracks  in  the  straight  section  are  considered  to  be  the  result 
of  expansion  and  normal  processing  conditions,  then  the  number  of  cracks 
in  excess  of  this  number  may  be  considered  due  to  radial  growth.  As 
can  be  seen  from  the  above  data,  even  the  fairly  large  radius  of  1/8 
inch  (1/h  inch  diameter)  results  in  the  formation  of  three  times  the 
number  of  voids  present  in  a straight  section.  However,  the  coating 
on  the  1/16-inch  diameter  was  quite  adherent  and  showed  no  tendency  to 
crumble  away  as  the  coatings  do  on  sharp  comers.  The  question  of 
minimum  radii  would,  therefore,  seem  to  be  dependent  upon  the  applica- 
tion. It  is  recommended  that  design  radii  be  as  large  as  permissible. 

Structure  of  Coating 

Metallographic  examination  of  the  coating  revealed  some  features 
that  show  a close  similarity  between  the  hard  coatings  and  regular 
anodize  coatings  as  described  by  Edwards  and  Keller  (15).  Figure  10 
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shows  the  normal  hard  coating  as  it  appears  under  polarized  light.  It 
consists  of  two  layers  which  differ  in  some  manner,  at  least  in  their 
reflection  of  polarized  light.  Under  white  light  a photomicrograph  of 
the  coating  appears  to  be  quite  uniform  as  seen  in  Figure  11.  When 
examined  visually  under  the  microscope  a hint  of  a subsurface  layer  is 
present  but  the  contrast  is  insufficient  to  record  it  on  a photographic 
plate.  Figure  12  is  a photomicrograph  of  the  same  field  as  shown  in 
Figure  11  but  illuminated  with  polarized  light.  This  multilayered 
structure  is  peculiar  to  2bS  bare  alloy  and  seems  to  account  for  the 
anomalous  behavior  shown  by  the  coating  on  this  alloy  in  the  various 
tests.  Several  layers  are  sometimes  encountered  in  some  of  the  coatings - 
on  the  other  alloys  but  these  are  fewer  in  number  and  related  to  the 
number  of  periodic  voltage  adjustments  that  are  made  during  processing. 
These  layers  do  not  have  the  effect  on  the  properties  of  the  coating  as 
displayed  by  the  2hS  alloy  coatings. 

Figure  13  shows  the  coating  structure  on  the  356  casting  alloy. 

The  free  silicon  remains  undisturbed  during  the  coating  process  except 
for  an  expansion  perpendicular  to  the  coating-metal  interface. 

The  coating  formed  during  the  MHC  process  is  essentially  aluminum 
oxide  formed  from  the  base  metal  and  the  oxygen  liberated  electro- 
lytically  at  the  metal  surface.  The  coating  being  a non-conductor  must, 
of  necessity,  be  porous  to  allow  the  electrolyte  to  pass  through  it  and 
reach  the  base  metal.  This  porosity  of  anodic  coating  has  been  studied 
by  Edwards  and  Keller  (15)  and  shown  to  be  of  extremely  minute  dimensions 

Aluminum  oxide  is  known  to  exist  in  a number  of  forms  (l6),  each 
with  distinct  properties.  The  form  of  the  oxide  present  on  the  aluminum 
surface  will,  therefore,  control  the  properties  of  the  surface.  The 
films  produced  by  the  conventional  anodizing  processes  are  amorphous  in 
nature  unless  formed  under  special  conditions  (lit) . Keller  and  Edwards 
(17)  state  that  gamma-alumina  has  been  observed  by  X-ray  diffraction  in 
anodic  films  formed  on  aluminum  at  100  volts  or  higher  (high  current 
densities).  It  was  thought  that  the  hard  coating  would  probably  contain 
a fair  proportion  of  gamma -alumina  and  this  would  account  for  the  dif- 
ference in  properties  between  these  coatings  and  the  regular  anodize 
coatings.  This  has  not  been  proven  to  be  the  case.  The  coating  was 
examined  extensively  by  X-ray  diffraction  methods  and  these  studies 
failed  to  reveal  any  crystalline  structure  in  the  coating.  The  following 
methods  of  diffraction  analysis  were  employed* 

1.  The  coating  was  chipped  off  by  picking  it  with  a knife  or 
flexing  the  specimen.  The  chips  were  then  ground  to  pass  a 
250  mesh  screen.  This  powder  was  coated  on  hairs,  packed  in 
thin  glass  tubes,  packed  in  washers,  and  formed  into  wedges. 

None  of  these  techniques  gave  any  results  with  exposures  up 
to  four  hours  when  background  fog  became  prohibitive. 


is 
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2.  Chips  of  the  coating  were  exposed  by  transmission,  back 
reflection  and  grazing  angle  shots  off  both  sides  of  the 
coating* 

3.  In  view  of  the  polarized  light  showing  a layer  adjacent  to 
the  base  metal,  grazing  angle  shots  were  tried  off  of  the 
base  metal  after  the  coating  was  spalled  off  by  flexing. 

The  aluminum  background  was  too  strong  to  pick  up  any  lines 
which  might  have  resulted  from  the  coating  which  has  a com- 
paratively low  absorption  coefficient. 

Back  reflection  technique  was  tried  on  coatings  from  0.005 
inch  to  0.009  inch  in  thickness.  When  the  coating  became 
thick  enough  that  no  aluminum  lines  appeared,  there  was  no 
structure  present  even  with  extremely  long  exposures. 

The  above  methods  have  been  enumerated  in  order  to  show  the 
detail  and  thoroughness  with  which  this  part  of  the  investigation  was 
pursued. 

The  lack  of  evidence  to  the  contrary  indicates  that  the  coating 
is  amorphous  in  nature  and  the  structure  very  similar  to  that  of  regular 
anodize  coatings. 

Throwing  Power 

In  electroplating  parlance,  the  ability  of  a plating  procedure  to 
deposit  a uniform  coating  in  deep  recesses  is  known  as  "throwing  power". 
In  order  to  determine  the  throwing  power  of  the  MHC  process,  the  follow- 
ing experiment  was  performed.  Four  tubes,  two  of  each  size,  as  tabulated 
below  were  closed  at  one  end  with  rubber  stoppers  and  coated.  The  tubes 
were  sectioned  and  the  inner  and  outer  coating  thicknesses  measured  at 
the  center  and  both  ends.  The  results  for  the  pairs  of  tubes  processed 
at  the  same  time  were  averaged  and  the  results  are  tabulated  below: 

61S-T6  small  tubes  3/8  inch  O.D.  by  0.035  wall  by  5 inches  long. 


Outside 

Inside 

Coating  Thickness 

Coating  Thickness 

Open  end 

0.00ii5  inch 

0.003  inch 

Center 

0.00li5  inch 

0.0015  inch 

Closed  end 

0.00U5  inch 

0.0005  - 0.0008  inch 
(Coating  appears  to 
be  burned  and  very 
porous.) 
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61S-T6  large  tubes  5/®  inch  by  0.01$  wall  by  5 inches  long 


Open  end 
Center 
Closed  end 


Outside 

Coating  Thickness 
0.002 5 inch 
0.0025  inch 
0.0025  inch 


Inside 

Coating  Thickness 
0.0017  inch 
0.0016  inch 
0.0016  inch 


The  above  conditions  are  extreme  and  very  few  plating  solutions  could 
plate  more  than  an  inch  inside  the  smaller  tube.  The  fact  that  the 
hard  coat  formed  at  the  closed  end  of  the  tubes  at  all  shows  that  it 
has  extreme  throwing  power.  The  tests  show  that  the  thickness  of  the 
coating  drops  off  even  close  to  the  tube  mouth  and  it  would  appear 
to  be  desirable  to  use  auxiliary  cathodes  and  agitation  inside  deep 
recesses  if  a uniform  and  dense  coating  is  desired  at  such  points. 


Abrasion  Tests 


The  resistance  of  the  hard  oxide  coatings  to  rubbing  abrasion 
has  beendemonstrated  to  be  better  than  that  of  hard  chrome  plate  and 
cyanide  hardened  steel  (7).  The  primary  objective  of  the  abrasion 
tests  that  were  conducted  for  this  investigation  was  to  determine  the 
effect  of  exposure  to  atmospheric  conditions  and  high  humidity  on  the 
abrasion  resistance  of  the  hard  oxide  coating.  It  has  been  shown  by 
Arlt  (18)  that  the  abrasion  resistance  of  regular  anodized  coatings  is 
related  to  the  degree  of  hydration.  In  order  to  determine  the  magnitude 
of  this  effect  on  heavy  oxide  coatings,  a similar  series  of  experiments 
was  planned. 

Two  sets  of  test  specimens  representing  the  following  coating  thick- 
nesses were  prepared  for  each  alloy: 


0.0005  inch 

0.001 

inch 

0.002 

inch 

0.003 

inch 

0.00U 

inch 

0.005 

inch 

The  coating  thicknesses  were  accurately  measured  by  means  of  the  metal- 
lograph  and  the  ’’as-coated”  abrasion  resistance  determined  on  an  Arlt 
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Abrasiometer  (18).  The  abrasiometer  is  a device  that  causes  a stream 
of  abrasive  particles,  in  this  case  180  mesh  Carborundum,  to  impinge 
upon  the  surface  to  be  tested  until  the  coating  is  worn  down  to  the 
base  metal.  The  abrasive  stream  is  propelled  by  controlled  air  pres- 
sure and  the  end  point  is  visual.  A deviation  from  the  test  as  used  by 
Arlt  on  regular  anodized  coatings  was  made.  The  air  pressure  was  in- 
creased to  20  cm.  of  mercury  in  order  to  accelerate  the  test  and  to 
approach  a range  in  the  pressure-air  flow  curve  i-diere  the  flow  is  less 
sensitive  to  pressure  changes. 

Two  sets  of  abrasion  specimens  were  prepared.  One  set  was  exposed 
on  the  outdoor  exposure  rack  shown  in  Figure  lh.  The  rack  is  located 
on  the  roof  of  the  Cornell  Aeronautical  Laboratory  which  is  in  a semi- 
industrial atmosphere.  The  other  set  of  specimens  was  placed  in  des- 
iccators containing  distilled  water  at  80-90°F.  The  abrasion  resistances 
were  checked  at  the  end  of  30,  60,  and  90  days  and  6 months.  Check  runs 
were  made  before  and  after  each  set  of  test  runs  on  a standard  specimen 
which  was  stored  in  a desiccator  containing  a desiccant.  A minimum  of 
three  runs  were  made  and  averaged  to  obtain  each  point  plotted  on  the 
curves  shown  in  Figures  15  through  21.  The  as-coated  abrasion  resistance 
of  the  alloys  increases  uniformly  with  thickness  with  the  exception  of 
the  2US  bare.  In  the  as-coated  condition  2US  Alclad  has  a slightly 
better  abrasion  resistance  than  the  other  wrought  alloys.  The  356  cast 
alloy  showed  the  highest  abrasion  resistance  of  all  of  the  alloys  tested. 
This  may  be  due  to  the  large  amount  of  free  silicon  present  in  the  alloy 
and  which  becomes  entrapped  in  the  coating.  Figure  13  shows  how  the 
silicon  inclusions  remain  undisturbed  during  the  coating  process  except 
for  an  expansion  perpendicular  to  the  interface.  The  220  alloy  has  a 
lower  as-coated  abrasion  resistance  than  any  of. the  other  alloys  tested 
with  the  exception  of  2US  bare. 

There  is  a general  decrease  in  the  abrasion  resistance  of  all  of 
the  alloys  with  increase  in  the  time  of  exposure  to  both  the  atmospheric 
conditions  and  humidity.  The  decrease  is  greater  under  the  high  humidity 
conditions  than  it  is  under  exposure  to  atmospheric  conditions  and  in 
most  cases  is  proportional  to  the  thickness  of  the  coating.  This  may  be 
due  to  the  condition  mentioned  previously,  that  the  heavier  coatings 
have  a more  porous  outer  layer  because  of  the  increased  time  of  contact 
with  the  electrolyte  which  has  a solvent  action  on  the  coating.  The  2hS 
bare  shows  wide  scatter  under  all  conditions  and  is  not  considered  to 
be  a suitable  alley  for  use  with  the  hard  coating  processes  when  abrasion 
resistance  is  required. 

Dielectric  Strength 

The  dielectric  strengths  of  the  coatings  on  the  five  wrought  alloys 
and  the  two  casting  alloys  were  determined  according  to  A.S.T.M.  Method 
B110-U5  (19,20).  The  breakdown  voltages  for  the  different  thicknesses 
are  shown  graphically  in  Figures  22  through  25.  The  two  high  strength 
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alloys  7^S  and  XA78S  have  the  highest  values  with  the  casting  alloys 
356  and  220  having  the  lowest*  The  2JUS  bare  data  again  show  consider- 
able scatter.  The  low  values  for  the  casting  alloys  are  probably 
caused  by  the  increased  amount  of  inclusions  in  the  oxide  coating  which 
are  characteristic  of  cast  alloys  as  compared  to  wrought  alloys. 

Some  scatter  was  shown  in  the  individual  readings  which  were 
averaged  to  obtain  the  values  plotted  on  the  curves.  If  one  considers 
the  way  the  coating  crazes,  the  reason  for  the' scatter  becomes  apparent. 
When  the  electrode  is  placed  directly  over  a crack,  the  dielectric 
strength  becomes  that  of  an  air  gap  equal  to  the  thickness  of  the  coating.* 
The  coating,  for  the  same  reason,  and  because  of  its  inherent  porosity, 
would  not  provide  insulation  in  liquid  electrolytes. 

Effect  of  Coating  on  Fatigue  Strength 

Fatigue  tests  were  conducted  on  Baldwin-Lima-Hamilton  Model  SF-2 
constant  load  fatigue  machine s . The  specimens  were  subjected  to  reversed 
bending  until  failure  or  10  million  cycles  were  exceeded.  No  attempt 
was  made  at  statistical  analysis  of  the  data  before  plotting  the  curves 
as  the  trends  are  definite  and  unmistakable. 

The  calculation  of  the  maximum  fiber  stress  imposed  upon  the  coated 
specimens  during  the  bending  fatigue  tests  presented  a problem.  It  had 
already  been  determined  that  the  coating  was  very  brittle  and  was  a maze 
of  cracks.  Because  of  this  it  was  felt  that  the  coating  on  the  tension 
side  of  the  specimen  carried  very  little  load.  This  was  shown  to  be  true 
by  the  tensile  tests.  On  the  compression  side,  after  the  cracks  closed, 
the  coating  was  capable  of  bearing  a considerable  load.  It  was  also  known 
that  a growth  occurs  during  processing  which  is  equal  to  one-half  the 
coating  thickness.  The  fatigue  specimens  were  coated  on  both  sides  so 
the  total  increase  in  thickness  was  equal  to  the  thickness  of  the  coating 
on  one  side.  Id.  sre  gar  ding  the  growth  in  the  coating  was,  therefore, 
equivalent  to  neglecting  the  coating  on  one  side  of  the  specimen  regard- 
less of  the  coating  thickness.  The  original  specimen  thickness  was  used 
in  calculating  the  spec  amen  stress  for  these  reasons.  As  the  data  are 
used  on  a comparative  basis,  any  small  inaccuracies  involved  tend  to  cancel 
out. 

Various  combinations  of  coating  thicknesses  were  tested  on  the  dif- 
ferent alloys  and  in  the  case  of  the  6lS  alloy  three  different  sheet 
thicknesses  were  tested.  Specimens  coated  on  one  side  only  and  specimens 
coated  for  half  the  gage  length  were  also  run  to  determine  the  relative 


*In  those  cases  where  the  crack  extends  only  partially  through  the  coating, 
the  result  is  a combination  of  the  two  dielectric  strengths. 
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effects  of  these  practices  on  fatigue  life.  The  data  from  these  tests 
are  plotted  in  Figures  26  through  3h,  36,  37,  and  38. 

The  fatigue  curve  for  2l*S  Alclad  is  shown  in  Figure  26,  Points 
are  plotted  far  the  uncoated  material  and  for  0.002  and  0.003-inch 
coatings.  The  coating  lowers  the  endurance  strength  considerably  at 
higji  stresses.  At  lower  stresses,  the  curves  tend  to  converge  and  the 
endurance  strength  at  500  million  cycles  would  be  affected  by  a rel- 
atively small  amount.  However,  it  should  be  kept  in  mind  that  the 
curve  for  the  uncoated  2liS  Alclad  is  considerably  lower  than  the  curve 
for  the  2l*S  core  alloy  because  of  the  ease  of  crack  initiation  in  the 
low  strength  cladding.  Figures  27,  28,  and  29  show  the  drastic  re- 
duction in  fatigue  strength  caused  by  the  coatings  on  the  high  strength 
alloys  2l|S  bare,  75S,  and  XA785  respectively.  Increase  in  the  thick- 
ness of  the  coating  from  0.001  to  0.005  inch  does  not  change  the  effect 
on  the  endurance  strength  noticeably.  The  first  0.001  inch  of  coating 
appears  to  have  almost  as  drastic  an  effect  as  does  increasing  the 
coating  thickness  to  0.005  inch. 

Data  for  75S  Alclad  are  given  in  Figure  30.  In  this  case,  the 
0.001-inch  coating  does  not  appear  to  affect  the  endurance  strength 
appreciably,  while  the  0.003-inch  coating  does.  This  trend  was  also 
shown  by  the  2l;S  Alclad  and  may  be  due  to  the  ability  of  the  remaining 
soft  cladding  to  resist  crack  propagation.  However,  the  cladding  itself 
reduces  the  endurance  limit  of  both  of  the  above  alloys  to  a level  which 
is  relatively  low  compared  to  the  unclad  material,  and  the  decrease  in 
sensitivity  to  the  coating  is  of  little  practical  value  where  a high 
strength  material  is  needed. 

The  6lS  alloy  was  studied  at  greater  length  than  the  others.  Three 
thicknesses  of  base  metal  with  various  thicknesses  of  coatings  were  tested 
for  endurance  strength.  Another  series  of  tests  was  run  on  this  alloy 
with  the  coating  on  both  sides  for  one-half  the  length.  Other  tests  were 
made  on  specimens  coated  on  one  side  only.  These  data  for  the  6lS  alloy 
are  shown  in  Figures  31  through  36.  The  tests  on  three  different  base 
metal  thicknesses  show  that  coating  thicknesses  over  0.001  inch  have  little, 
if  any,  additional  effect  on  the  endurance  strength.  The  main  point  that 
these  tests  were  intended  to  show  is  that  the  decrease  in  endurance  strength 
is  not  due  entirely  to  a decrease  in  parent  metal  thickness  due  to  the 
formation  of  the  coating.  Although  there  is  an  increase  in  the  thickness 
of  the  parent  metal  remaining  after  coating  of  approximately  3 to  1 (0.029 
inch  to  0.077  inch),  the  endurance  strength  is  unaffected  for  the  same 
number  of  cycles.  The  decrease  in  endurance  strength  cannot  be  laid  to 
the  decrease  in  parent  metal  cress  section  and  can  be  accounted  for  only 
by  the  stress  concentrations  at  the  microcracks  in  the  coating. 

The  6lS  specimens  coated  for  one-half  their  length  on  both  sides 
gave  the  data  shown  plotted  in  Figure  3 It.  Comparison  with  the  curve 
for  the  uncoated  base  metal  shows  the  same  order  of  decrease  in  endurance 
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strength  for  these  half-coated  specimens  as  the  specimens  coated  over 
their  entire  surface*  It  is  believed  that  this  is  due  to  a stress 
concentration  arising  at  the  junction  due  to  a change  in  the  flexure 
curve  of  the  specimens.  This  change  in  curvature  is  brought  about 
because  of  the  different  modulus  of  elasticity  of  the  coating.  The 
location  of  the  fatigue  failures  for  this  group  of  specimens  is  shown 
in  Figure  35* 

The  6lS  specimens  coated  on  one  side  only  also  exhibit  the  same 
decrease  in  endurance  strength  as  the  specimens  coated  over  their  entire 
surface.  These  data  are  given  in  Figure  36.  Evidently,  the  rtvess  con- 
centrations arising  at  the  coating  microcracks  on  one  side  of  the  spec- 
imen are  sufficient  to  initiate  failure. 

The  data  presented  in  Figures  37  and  38  for  the  two  casting  alloys 
220  and  356  show  that  the  coating  has  little  effect  on  the  endurance 
strength.  The  wide  scatter  of  data  for  cast  specimens,  because  of 
their  inherent  inhomogeneities  and  somewhat  open  structure,  yields  a 
scatter  band  of  increased  width  and  a low  endurance  level  to  begin  with. 
The  addition  of  a few  more  additional  stress  raisers  can  be  expected 
to  have  only  a proportionate  effect.  In  fact,  it  has  been  sho>m  in 
some  instances  that  a large  number  of  stress  raisers  has  less  effect 
on  the  fatigue  life  than  only  a few.  The  coating  can  be  used  with  com- 
parative safety  on  these  alloys  if  the  initial  low  endurance  strength 
can  be  tolerated. 

The  fatigue  test  results  may  be  summarized  in  tabular  form  as  given 
below: 


Alloy 

Endurance 
at  106  Cycle 
Uncoated 

Strength 
:s  in  P.S.I. 
Coated 

% 

Decrease 

2i|S  Alclad 

11,000 

7,500 

32 

2US  Bare 

19,000 

15, 000 

21 

75S 

22, 000 

9,000 

59 

XA78S 

26,000 

9,000 

65 

75S  Alclad 

12,000 

10,000 

17 

61S 

15,000 

'6, 000 

60 

220 

7,500 

7,500 

0 

356 

8, 000 

8,000 

0 
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The  deleterious  effect  of  the  coating  increases  approximately 
as  the  strength  level  of  the  base  metal.  The  6lS  alloy  is  a little 
out  of  line  as  is  the  21+S  bare  which  behaves  abnormally  in  nearly 
all  of  the  tests  made. 

Bend  Tests 

The  wrought  alloys  2liS  bare  and  Ale  lad,  75s,  XA?8S,  and  6lS  with 
coating  thicknesses  ranging  between  0.0005  inch  and  0.005  inch  were 
subjected  to  bend  tests  in  order  to  determine  the  bend  radii,  adher- 
ence, and  the  effect  of  tension  and  compression  loading  on  the  coating. 
The  specimens  were  approximately  1/L6  inch  thick  by  1 inch  wide  by  8 
inches  long.  Bending  was  accomplished  by  placing  the  specimen  length- 
wise between  the  jaws  of  a vise  and  screwing  the  vise  jaws  together. 

The  free  bend  radius  was  checked  by  means  of  templates  and  pins  of 
various  radii.  The  coated  surfaces  were  carefully  watched  for  the 
first  signs  of  failure  of  any  kind.  Failure  occurred  by  flaking  of 
the  top  layers  in  some  cases,  as  shown  in  Figure  39 • Other  failures 
were  by  spalling  off  of  the  full  thickness  of  the  coating,  as  shown 
in  Figure  U0,  and  still  others  by  a hairline  spalling  which  gradually 
spread  as  the  bend  radius  was  decreased.  The  latter  type  of  failure 
is  shown  in  Figure  hi.  In  all  of  the  tests  which  were  made,  the  coating 
failure  always  occurred  on  the  compression  side.  On  the  thicker  speci- 
mens, the  coating  sometimes  checked  along  the  edges  of  the  tension  side, 
but  the  remainder  of  the  c eating  was  visibly  sound  until  base  metal 
failure  took  place.  The  data  for  the  bend  tests  are  tabulated  in  Tables 
I through  V. 

Flame  Tests 


It  has  been  reported  in  the  literature  (7)  that  the  hard  oxide 
coatings  provide  increased  resistance  to  heat  and  high  temperatures. 

In  order  to  check  this  property,  specimens  four  inches  square  were 
cut  from  the  various  alloys  and  hard  coated  with  thicknesses  from 
0.000  to  0.005  inch.  These  specimens  were  mounted  in  a holder  so  that 
they  were  6-1/2  inches  away  from  the  flame  produced  by  a No.  5 tip  on 
a Harris  oxy-acetylene  torch.  Model  No.  50.  The  flame  was  adjusted  to 
neutral  with  the  following  settings:  oxygen  pressure,  15  pounds j 

acetylene  pressure,  12  poundsj  torch  needle  valves  full  open.  All  tests 
were  run  at  the  same  time  and  the  flame  was  not  disturbed  between  tests. 
Specimens  were  changed  by  interposing  a sheet  of  stainless  steel  between 
the  flame  and  the  holder  and  recording  the  time  from  the  instant  this 
sheet  was  removed.  The  pressure  readings  had  not  changed  at  the  end 
of  the  test  series.  A "blank"  sheet  of  the  uncoated  6lS  alloy  which 
was  the  first  alloy  to  be  tested  was  run  after  the  last  test  and  very 
close  agreement  was  found.  Two  specimens  were  run  for  each  thickness 
of  coating  on  the  wrought  alloys.  Only  one  specimen  was  run  for  the 
cast  alloys.  The  duration  of  exposure  to  the  flame  was  accurately 
measured  with  a stop  watch.  The  end  point  of  the  tests  was  taken  as 
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the  first  visible  sign  of  sagging  as  shown  in  Figure  1*2.  In  spite  of 
the  relative  crudeness  of  the  test  method,  duplicate  runs  gave  sur- 
prisingly close  checks.  The  results  of  these  tests  are  given  in  Table 


VI. 


Examination  of  the  data  shows  that  in  nearly  all  cases  the  time 
to  failure  increased  as  the  thickness  of  the  coating  increased.  How- 
ever, it  should  be  pointed  out  that  the  specimens  were  merely  held  up- 
right in  a holder  at  right  angles  to  the  flame  and  the  only  stress 
imposed  was  that  caused  by  thermal  expansion  and  the  pressure  of  the 
burning  gases.  The  refractory  oxide  coating  was  unaffected  by  the 
flame  and  it  was  the  parent  metal  vhich  melted  between  the  two  oxide 
skins.  The  coating  remained  intact  during  all  of  the  tests  and  showed 
no  tendency  to  spall  off  due  to  the  heat.  As  the  thickness  of  the 
coating  was  increased,  the  ability  to  hold  the  molten  metal  in  place 
also  increased.  If  the  coating  was  punctured  with  a scriber  or  wire 
after  the  specimens  gave  indications  of  failure,  molten  aluminum  would 
flow  out.  It  is  believed,  therefore,  that  strengthwise,  the  increase 
in  time  duration  means  very  little  and  that  coated  and  uncoated  alloys 
would  perform  alike  under  stress. 

The  color  of  the  coating  might  have  an  effect  on  the  rate  of  heat 
absorption  due  to  differences  in  reflectivity  and  thermal  conductivity. 
This  point  was  studied  further  by  the  series  of  heat  tests  which  follow. 

Heat  Tests 


A series  of  heat  absorption  tests  was  run  to  determine  the  effect 
of  the  various  colors  and  coating  textures  obtained  on  the  different 
alloys  under  investigation.  These  tests  were  conducted  on  U-inch  square 
specimens  coated  on  both  sides  with  coatings  from  0.000  to  0.005  inch 
in  thickness.  The  tests  were  conducted  in  the  same  manner  as  those  made 
by  Phillips  (21)  on  anodized  coatings. 

A 28  gauge  chrome 1-alumel  thermocouple  was  cemented  in  a small  2- 
hole  insulator  with  Sauereisen  cement  and  filed  flat  on  the  end.  This 
thermocouple  was  held  against  the  back  of  the  test  specimen  with  a 
spring  arrangement  that  insured  intimate  contact.  Several  previous 
runs  had  been  made  with  the  thermocouple  firmly  attached  to  the  specimen 
by  peening  it  into  a hole  and  others  by  attaching  the  bead  with  Sauereisen 
cement.  The  above  mechanical  attachment  was  then  devised  so  that  it  would 
closely  duplicate  the  results  of  these  fixed  methods.  The  mechanical 
method  was  adopted  because  of  the  ease  of  changing  specimens.  The  speci- 
mens were  mounted  six  inches  away  from  an  infrared  bulb  and  the  output 
of  the  thermocouple  read  with  a potentiometer  until  it  became  steady. 

Two  or  three  runs  were  made  on  each  combination  of  alloy  and  coating  thick- 
ness. At  the  start  of  the  tests,  two  infrared  bulbs  were  standardized 
against  each  other  and  the  second  bulb  used  to  check  for  deterioration  of 
the  one  in  use  at  intervals  during  the  tests.  The  data  from  these  tests 
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are  presented  graphically  in  Figures  U3  and  i*U. 

The  coated  specimens  attained  a higher  temperature  than  the  un- 
coated ones  in  all  cases.  It  was  thought  that  the  rate  of  temperature 
rise  would  be  appreciably  different  for  the  alloys  which  showed  con- 
siderable differences  in  color,  such  as  6lS  which  becomes  jet  black 
upon  coating  as  opposed  to  the  75>S  and  XA.78S  alloys  which  are  a light 
gray  in  the  heavier  coating  thicknesses.  This  did  not  prove  to  be  the 
case.  It  was  therefore  felt  that,  since  the  rates  of  temperature  rise 
were  approximately  equal  for  equal  thickness  of  sheet,  the  higher  peak 
temperatures  could  be  explained  on  the  basis  of  the  insulating  value  of 
the  coating. 

Thermal  Conductivity 

In  order  to  check  the  relative  thermal  conductivities  of  the  coated 
specimens,  another  series  of  tests  was  made  in  which  the  li-inch  square 
specimens  were  coated  on  one  side  only.  These  specimens  were  tested 
using  the  same  procedure  outlined  above  for  the  heat  tests.  The  data 
are  plotted  in  Figures  U5  and  1|6.  It  can  be  seen  that  the  curves  for 
the  coated  specimens  fall  below  those  for  the  uncoated  specimens  in  all 
cases  when  the  insulating  effect  of  the  coating  on  the  back  side  of 
the  specimen  is  lost.  Differences  in  the  reflectivity  of  the  surfaces, 
especially  the  2ljS  Ale lad  and  volume  of  metal  (XA78S  was  0. 06U-inch 
thick,  whereas  the  other  alloys  were  0.05l-inch  thick)  would  account  for 
variations  in  the  spread  between  the  curves  for  the  coated  and  uncoated 
specimens  of  the  individual  alloys.  Although  the  above  data  are  all 
qualitative  in  nature  and  the  determination  of  physical  constants  has 
not  been  attempted,  it  can  be  inferred  that  the  coating  has  a lower 
thermal  conductivity  than  the  base  metal  for  all  of  the  alloys  tested. 
This  would  no  doubt  be  true  for  any  aluminum  alloy.  The  wide  color 
variation  which  exists  between  the  coatings  on  the  different  alloys 
and  even  in  different  thicknesses  of  coating  on  the  same  alloy  seems 
to  have  a relatively  minor  effect. 

Effect  of  Coating  on  Tensile  Strength 

Tensile  test  specimens  were  machined  from  the  wrought  alloy  sheets 
to  give  a 2-1/2  inch  reduced  section  approximately  0.500  inch  wide. 

The  casting  alloys  were  cast  into  a tilting  slab  mold  which  gave  a 1/2- 
inch  thick  plate.  This  plate  was  cut  up  into  bars  1-inch  wide  which 
were  sawed  down  the  center  edgewise  to  give  two  pieces  1/1).  inch  by  1 
inch  by  8 inches.  The  pieces  were  then  heat  treated.  After  heat  treat- 
ing, the  pieces  were  milled  on  the  mold  side  sufficient  to  clean  up  the 
surface  oxidation  and  then  the  other  side  was  milled  to  give  a specimen 
0.150-inch  thick.  It  was  thought  that  in  this  manner  the  soundest  metal 
adjacent  to  the  mold  face  would  be  utilized  for  the  test  bars  and  the 
less  sound  center  section  milled  away.  The  specimens  were  X-rayed  before 
coating  and  the  soundest  pieces  selected  for  test.  Even  with  these 
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precautions  the  cast  specimens  sheared  evidence  of  microporosity  into 
which  the  coating  penetrated.  The  220  alloy  was  not  melted  in  strict 
accordance  with  the  procedure  recommended  by  the  Aluminum  Company  of 
America  and  the  properties  of  the  uncoated  specimens  did  not  approach 
the  excellent  properties  attainable  with  this  alloy  under  ideal  con- 
ditions. 

The  tensile  tests  were  conducted  on  a 50,000  pound  capacity  Baldwin 
Southwark  machine.  It  was  found  necessary  to  chemically  strip  the  coat- 
ing off  of  the  grip  ends  in  order  to  prevent  them  slipping.  Stress- 
strain  curves  were  plotted  with  an  autographic  extensometer  system  and 
the  0.2$  offset  yield  strength  determined  from  these  curves.  The  data 
are  given  in  Tables  VII  through  XV. 

It  has  been  shown  in  a previous  section  of  this  report,  that  the 
coating  grows  an  amount  equal  to  one-half  its  thickness.  Stated  in 
other  words,  a thickness  of  parent  metal  equal  to  one-half  the  coating 
thickness  is  consumed  in  the  formation  of  the  coating.  If  the  coating 
has  a strength  which  is  half  that  of  the  parent  metal,  a calculation 
of  yield  strength  on  the  basis  of  original  area  (which  includes  half 
the  coating  thickness)  should  give  approximately  the  same  strength  for 
all  coating  thicknesses.  As  the  tables  show,  the  yield  strengths  cal- 
culated on  this  basis  show  a continual  decrease  with  Increase  in  coating 
thickness.  This  decrease  in  yield  strength  is  greater  for  the  higher 
strength  alloys  and  the  coating  strength  is  therefore  closer  to  being 
a fixed  value  rather  than  proportional  to  alloy  strength.  This  is  to 
be  expected  inasmuch  as  the  primary  constituent  of  all  the  coatings  is 
the  same . 

The  load  capable  of  being  supported  by  the  parent  metal  remaining 
after  coating  was  calculated  using  the  average  of  the  yield  strengths 
of  the  two  uncoated  specimens  as  a basis.  The  load  carried  by  the 
coating  was  then  estimated  by  subtracting  this  value  from  the  actual 
load  supported  by  the  specimen.  The  load  carried  by  the  coating  shows 
a general  increase  with  coating  thickness  in  all  cases.  Dividing  this 
value  by  the  coating  thickness  gave  a value  for  the  load  carried  per 
0.001  inch  of  coating.  This  value  shows  a general  decrease  with  in- 
crease in  coating  thickness  which  agrees  with  the  observation  that  the 
thicker  coatings  become  more  powdery  and  porous  due  to  the  solvent 
action  of  the  electrolyte.  The  coating  appears  to  have  an  average  yield 
strength  value  of  10,000  - 15,000  p.s.i.  The  calculation  of  tensile 
strength  values  was  not  attempted  because  of  the  flaking  off  of  the 
coating  in  a number  of  cases  soon  after  the  yield  strength  was  passed 
and  the  apparent  increase  in  the  surface  crazing. 

The  recommended  procedure  for  design  calculation  of  strength 
would  be  to  use  the  area  of  the  parent  metal  remaining  after  coating 
which  is  easily  arrived  at  by  subtracting  half  the  coating  thickness 
.for  each  thickness  of  coating  applied  to  a given  dimension. 
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Compression  Tests 

The  compression  tests  were  conducted  on  specimens  which  were 
0.500  inch  wide  by  2-5/8  inches  long.  The  thickness  was  that  of  the 
sheet  stock  which  ranged  from  0.032  to  0.081  inch.  The  cast  specimens 
were  machined  to  0.150  inch  as  described  for  the  tensile  tests.  The 
specimens  were  mounted  in  a Montgomery-Templin  compression  jig  and 
placed  in  the  Baldwin-Southwark  testing  machine.  The  platens  of  the 
machine  were  made  parallel  by  rigidly  clamping  a spherical  mounted 
upper  platen  in  place  after  it  was  run  down  onto  a 2-1/2  inch  block 
with  parallel  sides  resting  on  the  lower  platen.  Deformation  was 
measured  on  a dial  gage  mounted  next  to  the  Montgomery-Templin  fixture. 
The  results  of  the  tests  are  tabulated  in  Tables  XVI  through  XXIII. 

The  yield  strength  calculated  on  the  basis  of  the  composite  shows 
a general  increase  in  all  cases.  This  is  in  contrast  to  the  tensile 
data  where  the  yield  strength  calculated  on  the  basis  of  original  area 
(which  only  takes  into  account  one-half  of  the  coating  thickness)  shows 
a general  decrease.  This  proves  that  the  coating  has  a higher  compres- 
sion strength  than  tensile  strength.  If  the  yield  loads  are  reduced 
down  to  load  carried  per  0.001  inch,  the  values  are  higher  than  the 
tensile  values.  The  average  compression  yield  strength  of  the  coating 
appears  to  lie  in  the  range  of  50, 000  - 60,000  p.s.i.  as  compared  to 
10,000  - 15,000  p.s.i.  tensile  yield  strength.  It  is  to  be  understood 
that  these  values  apply  only  to  the  coating  as  bonded  to  the  base  metal. 

In  the  case  of  coatings  on  compression  members  it  is  safe  design 
practice  to  use  the  total  area  of  the  composite  (coating  and  metal) 
and  the  yield  strength  of  the  metal. 

Rain  Erosion 


The  resistance  of  the  coatings  on  the  various  wrought  alloys  to 
erosion  by  rain  when  traveling  at  high  velocity  was  tested  in  the 
Cornell  Aeronautical  Laboratoiy,  Inc.  Rain  Erosion  Tester.  In  this 
test  the  specimens  are  formed  into  a contour  which  simulates  the  lead- 
ing edge  of  an  airfoil  and  are  attached  to  a propeller  which  is  rotated 
at  a speed  that  causes  the  midpoint  of  the  specimens  to  strike  a uniform 
rainfall  at  500  m.p.h.  Two  thicknesses  of  coating  were  tested  on  each 
wrought  alloy.  All  of  the  specimens  were  first  given  a five  minute  run 
in  the  machine.  The  appearance  of  the  specimens  after  this  five  minute 
run  is  shown  in  Figure  1x7  • 

The  2liS  bare  coatings  have  spalled  off  badly  and  the  layers  re- 
ferred to  previously  can  be  seen  in  the  0.003-inch  coated  specimen. 

The  0.005-inch  coated  specimens  of  75S  and  XA78S  have  chipped  out 
about  an  equal  amount  which  was  taken  as  the  end  point  in  the  next 
series  of  tests.  The  heavier  coatings  are  evidently  more  susceptible 
to  damage  than  the  thinner  ones. 
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The  specimens  which  were  not  damaged  as  badly  as  the  0.005-inch 
coated  753  and  XA78S  were  given  additonal  runs  of  five  minute  incre- 
ments until  damage  appeared  to  be  close  to  the  end  point  when  one  minute 
increments  were  used.  These  ‘specimens  are  shown  in  Figure  1*8.  The 
0.003-inch  coating  on  the  2l*S  Alclad  shewed  the  best  resistance  to 
rain  erosion  by  holding  up  for  a i*0-minute  period.  The  other  results 
are  tabulated  below: 


Coating  Thickness  Time  of  Exposure 


Alloy 

Inches 

Minutes 

21} S Alclad 

0.003 

1*0 

6IS 

0.003 

35 

75S 

0.003 

26 

6lS 

0.005 

25 

XA78S 

0.003 

25 

2i*S  Alclad 

0.005 

20 

75S 

0.005 

5 

XA78S 

0.005 

5 

2I4S  bare 

0.003 

3 (est.) 

2I4S  bare 

0.005 

1 (est.) 

The  decrease 

in  rain  erosion  resistance  with 

increase  in  thick- 

ness  is  also  apparent  in  these  results.  The  differences  in  the  mode 
of  failure  are  interesting.  The  2i*S  bare  alloy  appears  to  spall  off  in 
layers  while  the  heavy  coatings  on  6lS,  75S,  and  XA78S  and  the  0.003- 
inch  coating  on  6lS  seem  to  have  a failure  pattern  that  is  related  to 
the  microcrack  pattern  shown  in  Figure  5.  The  0.003-inch  coatings  on 
the  75S  and  XA78S  appear  to  have  been  worn  through.  The  0.005-inch 
coating  on  the  2i*S  Alclad  shows  a spalling  type  of  failure--  the  notch 
at  the  lower  end  of  this  specimen  was  caused  by  a slip  in  machining 
and  was  discounted. 

Effect  of  Gunfire  Penetration 


It  was  thought  that  the  coating  may  have  an  embrittling  effect 
on  the  aluminum  alloys  when  hit  by  gunfire  and  lead  to  crack  propa- 
gation and  general  disintegration  under  this  condition.  The  possi- 
bility also  existed  that  general  spalling  of  the  coating  and  local 
disintegration  of  the  base  metal  might  lead  to  the  production  of 
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secondary  projectiles  which  wuld  be  undesirable* 


Panels  of  the  2ljS-TU  and  75S-T6  alleys  0*08l-inch  thick  and 
measuring  8 inches  by  8 inches  were  coated  on  one  side  only  with  a 
0.003-inch  thick  coating.  Uncoated  panels  of  each  alloy  were  used 
for  comparison.  The  panels  were  mounted  in  a rack  and  fired  at  with 
a .30  caliber  rifle  using  standard  M-2  ball  ammunition  which  produces 
an  approximate  muzzle  velocity  of  2800  ft.  /sec.  The  distance  between 
the  muzzle  and  panels  was  70  yards.  The  panels  were  mounted  at  two 
different  angles  of  incidence  to  the  line  of  fire,  U5  and  90  degrees. 

Two  panels  were  fired  for  each  angle  of  incidence j one  with  the  coating 
toward  the  muzzle  and  one  with  the  coating  on  the  far  side.  Photo- 
graphs were  taken  of  each  plate  fired  and  these  are  shown  in  Figure 
U9.  They  show  that  there  is  no  sign  of  embrittlement  or  crack  propa- 
gation due  to  the  coating  process.  The  coating  itself  does  not  become 
detached  over  wide  areas  but  spalls  off  only  locally  around  the  pen- 
etration area.  It  is  felt  that  the  coating  would  have  a negligible 
effect  on  the  ballistic  limit  of  the  alloys. 

Coefficient  of  Expansion 

The  effect  of  0.002-inch  and  O.OOli-inch  coatings  on  the  coefficient 
of  expansion  was  determined  for  all  seven  of  the  aluminum  alloys  under 
investigation.  Dilatometer  curves  were  also  determined  on  uncoated 
specimens  to  obtain  comparative  data. 

All  specimens  were  approximately  5*5  inches  by  3^-6  inch  by  0.08l 
inch.  A temperature  range  of  -U0°F  to  600°F  was  covered  in  two  stages. 
The  higher  temperature  measurements  were  obtained  by  placing  the  speci- 
mens between  quartz  rods  in  a Vitreosil  tube  which  was  heated  by  a 
resistance  wound  tube  furnace.  The  temperature  range  between  -U0°F  and 
78°F  was  covered  by  placing  the  specimen  assembly  in  a steel  tube  im- 
mersed in  alcohol  which  was  cooled  by  the  freon  coils  of  a refrigeration 
unit.  Temperatures  were  measured  with  a thermocouple  attached  to  the 
specimen  and  a potentiometer. 

Curves  of^L/L  metal  vs.  temperature  (°F)  were  plotted  from  the 
values  obtained  and  temperature  coefficients  determined  from  these 
curves  for  the  temperature  ranges  under  consideration.  A deviation 
from  linearity  in  the  plots  of  ^L/L  metal  vs.  temperature  was  observed 
when  approaching  room  temperature  from  both  directions.  This  deviation 
was  the  result  of  "slack"  in  the  system  since  the  data  were  obtained 
in  both  cases  starting  from  room  temperature.  The  coefficients  of 
expansion  for  the  ranges  on  either  side  of  room  temperature  were  obtained 
by  extrapolating  the  linear  portions  of  the  curves.  Since  similar  anal- 
ysis was  applied  to  all  samples  any  error  would  be  eliminated  when  the 
values  of  the  coefficients  were  compared  on  a relative  basis. 
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The  coefficients  of  linear  expansion  for  the  alloys  investigated 
are  tabulated  in  Table  XXIV. 

Thermal  Shock 


Specimens  of  the  five  wrought  alloys  with  0.002-inch  and  O.OOI4- 
inch  coating  thicknesses  were  subjected  to  thermal  shock  by  heating 
them  to  930®F  and  quenching  them  in  cold  water.  The  heating  and 
quenching  were  repeated  five  times.  The  condition  of  the  coating  was 
determined  by  visual  examination  after  each  quench.  The  abrasion 
resistance  of  the  coatings  was  measured  on  the  Abrasiometer  before 
the  tests  started,  after  the  first  quench  and  after'the  fifth  quench. 
The  results  of  these  tests  are  given  in  Table  XXV. 


The  data  show  that  the  coating  will  not  spall  off  if  it  should  be 
found  necessaiy  to  heat  treat  an  aluminum  alloy  after  it  has  been  hard 
coatedj  however,  the  data  also  show  that  there  is  a considerable  decrease 
in  the  abrasion  resistance  upon  heating  the  coating.  This  decrease  is 
relatively  greater  for  the  O.OOlj-inch  coating  than  for  the  0.002-inch 
coatings. 


Corrosion  Resistance 

Test  specimens  were  exposed  to  three  sets  of  conditions  which  are 
liable  to  lead  to  metallic  corrosion.  The  two  sets  of  abrasion  speci- 
mens, one  of  which  was  exposed  to  atmospheric  conditions  on  an  outdoor 
exposure  rack  on  the  roof  of  Cornell  Aeronautical  Laboratory,  Inc.  and 
the  other  to  high  relative  humidity  at  80-90°F,  were  also  good  checks 
on  the  relative  corrodibility  of  the  specimens  in  these  mediums.  A 
third  set  of  specimens  was  exposed  in  a salt  spray  cabinet  according 
to  A.S.T.M.  Designation  B117-U9T.  The  data  reported  herein  were  ac- 
cumulated over  a seven-month  period.  These  tests  will  be  continued 
for  an  elapsed  time  of  one  year  and  a supplementary  report  issued  at 
that  time.  At  the  end  of  a 220-day  period,  the  coatings  have  stood  up 
well  when  compared  with  the  usual  anodized  coatings.  The  failures  that 
have  been  noted  to  date  are  listed  in  the  following  paragraphs: 


1.  Atmospheric  Exposure  Test  Data 

At  the  end  of  a seven-month  exposure  to  the  atmosphere  the 
only  failures  that  occurred  were  in  the  2I4S  bare  alloy.  These 
failures  took  place  in  the  following  order: 

0.002-inch  coating  - 180  days 

0.003-inch  coating  - 220  days 

O.OOij-inch  coating  - 180  days 

0.005 -inch  coating  - 220  days 
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2.  Humidity  Test  Data 


The  coatings  on  three  of  the  seven  alloys  have  shown  some 
deterioration  under  these  conditions. 

The  2liS  alloy  coating  failures  occurred  as  follows: 

0.005-inch  coating  - 60  days 

O.OOii-inch  coating  - 150  days* 

0.003-inch  coating  - 150  days 

0.002-inch  coating  - 180  days 

0.001-inch  coating  - 180  days 

0.0005-inch  coating  - 150  days 

The  2I4S  Alclad  coatings  showed  the  following  results: 

0.005-inch  coating  - 30  days 

0.005 -inch  coating  - 30  days 

At  the  end  of  220  days,  these  two  thicknesses  are  the 
only  ones  pitted. 

The  XA78S  coatings  held  up  as  follows: 

0. 0005-inch  coating  - 120  days 
0.001-inch  coating  - 180  days 

The  220  and  356  cast  allpys  showed  pits  at  the  edges  at  the 
end  of  90  days  and  show  no  surface  pitting  at  the  end  of  a 220- 
day  period. 


*A11  of  the  coatings  between  0.005  inch  and  0.005  inch  showed  some 
evidence  of  pitting  at  the  end  of  120  days  but  were  not  considered  as 
failed  until  the  times  noted. 
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3.  Salt  Spray  Test  Data 

The  salt  spray  test  data  are  summarized  in  Table  JLX.V1.  The 

2ljS  bare  alloy  coating  is  the  only  one  shotting  any  serious  de- 
terioration in  this  environment* 

The  corrosion  test  data  serve  to  emphasize  two  trends  which  are 
apparent  in  other  sections  of  this  report* 

1.  The  2liS  bare  alloy  is  not  compatible  with  the  hard  coating 
process  used  (MHC  Process)* 

2.  The  heavier  coatings,  over  0.003-inch  thickness,  are  not  as 
desirable  as  the  coatings  in  the  0.002  - 0.003-inch  range. 

The  coating  itself  is  inert  to  the  base  metal  and  is  not  likely 
•to  lead  to  galvanic  corrosion  as  in  the  case  of  electroplatings  of  a 
more  cathodic  metal.  There  is  a possibility  of  some  difference  in 
behavior  due  to  the  difference  in  the  type  and  concentration  of  uncon- 
verted inclusions  in  the  coating.  However,  it  is  felt  that  the  greatest 
difference  in  the  coatings  regarding  corrosion  behavior  is  in  the  sound- 
ness of  the  coating.  The  2l|S  bare  coatings  are  rough  and  blistery  in 
appearance.  This  probably  accounts  for  the  early  breakdown  of  these 
coatings*  The  2l*S  Alclad  with  heavier  coatings  was  shown  to  form  blisters 
in  some  cases.  This  could  possibly  explain  the  failures  in  the  heavier 
coatings  in  this  alloy.  The  maze  of  cracks  that  form  in  the  coating  due 
to  differences  in  expansion  coefficients  undoubtedly  act  as  capillary 
channels  down  to  the  base  metal  in  the  presence  of  liquid  corrosion  media 
which  are  even  more  accessible  than  the  pores  in  the  oxide  coating  itself. 

Regardless  of  these  factors,  the  coating  adds  to  the  corrosion 
resistance  of  aluminum  alloys  under  conditions  usually  encountered  in 
aircraft  service. 


DISCUSSION 


A discussion  of  the  results  has  been  included  in  the  individual 
sections  covering  the  various  tests.  The  data  have  been  analyzed  from 
a comparative  standpoint  regarding  differences  existing  between  the 
various  alloys  tested  and  various  thicknesses  of  coating.  Without  a 
specific  application  in  mind  a detailed  analysis  of  the  test  data  in 
which  the  interrelationship  of  the  various  results  would  be  considered 
is  not  possible.  This  must  be  left  to  the  engineer  or  designer  who  has 
a well  defined  application  and  knows  the  results  expected. 
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In  general,  the  hard  oxide  coating  process  is  undoubtedly  the 
solution  for  many  problems  demanding  a light  or  corrosion  resistant 
(atmospheric)  material  with  a hard,  wear  resistant  surface  not  sub- 
jected to  point  loading.  The  decrease  in  corrosion  resistance  upon 
exposure  to  high  humidity  and  atmospheric  conditions  could  probably 
be  overcome  by  proper  post-treatment  of  the  coated  surface*  The 
effect  of  the  coating  on  the  fatigue  strength  raises  a serious 
objection  to  its  use  in  applications  subject  to  cyclic  stresses.  It 
is  doubtful  that  this  effect  can  be  readily  overcome.  The  coating 
does  not  seriously  affect  any  of  the  other  mechanical  properties. 
However,  the  minor  effects  on  these  properties  may  be  a distinct 
advantage  in  some  applications  or  a disadvantage  in  others. 


CONCLUSIONS 


The  direct  conclusions  to  be  drawn  from  the  results  of  the  indi- 
vidual types  of  tests  have  also  been  brought  out  in  the  individual 
report  sections  on  a comparative  basis.  The  full  value  of  the  data 
cannot  be  appreciated  until  they  are  analyzed  with  respect  to  a given 
application.  The  following  general  conclusions  may  be  drawn: 

1.  The  hard  oxide  coatings  provide  a means  of  extending  the 

use  of  aluminum  and  its  alloys  into  fields  hitherto  restricted 
to  them  because  of  their  soft  surface. 

2.  The  increase  in  wear  resistance  is  the  most  outstanding  property 
conferred  on  aluminum  alloys  by  the  hard  coatings. 

3.  The  decrease  in  endurance  strength  brought  about  by  the  hard 
coatings  is  the  greatest  objection  to  their  use  in  applications 
where  high  cyclic  stresses  are  likely  to  be  encountered. 

k»  The  other  properties  of  the  coatings  such  as,  dielectric  strength, 
color,  corrosion  resistance,  etc.  may  determine  their  choice  for 
specific  applications. 

5.  A careful  analysis  of  all  of  the  properties  of  the  coatiig  and 
the  effect  of  the  coating  on  the  properties  of  the  base  metal 
should  be  made  before  it  is  selected  for  other  than  experimental 
applications. 

6.  The  hard  coating  process  will  undoubtedly  lead  to  the  develop- 
ment of  new  products  which  will  be  dependent  upon  the  unique 
combinations  of  properties  available  only  through  its  use. 
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TABLE  I 


BEND  TESTS 

61S-T6  0.051-INCH  THICK 

Radius  Required  for  90°  Bend  of  Base  Metal  1/16  - 1/6  Inch 


Coating 

Thickness  Compression  Side  Tension  Side 

Inches Bend  Radius  - Inches Bend  Radius  - Inches 


Note:  *The  term  "flaking”  is  used  to  indicate  a localized  pitting  of 

the  outer  layers  of  the  coating  of  approximately  1/16  inch 
diameter  near  the  center  of  the  bent  section. 

**The  term  nsp  ailing”  is  used  to  indicate  a sudden  disengagement 
of  the  full  thickness  of  the  coating,  usually  over  an  area  over 
1/16  inch  diameter. 

tt^Edge  spalling  and  edge  flaking  on  the  tension  side  always  pre- 
cede failure  of  the  base  metal  at  about  twice  the  bend  radius 
at  failure.  The  center  of  the  bent  section  is  visibly  sound 
until  base  metal  failure  occurs. 
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TABLE  II 
BEND  TESTS 

XA78S-T6  0.061*  INCH  THICK 

Radius  Required  for  90°  Bend  of  Base  Metal  3 A6  - 5A6  Inch 
Coating 


Thickness 

Inches 

Compression  Side 
Bend  Radius  - Inches 

Tension  Side 
Bend  Radius  - Inches 

0.0005 

0.0005 

S/l6  spalling 

1A  « 

1/k  base  metal  failure 
1/i*  « n n 

0.001 

0.001 

S/l6  spalling 
546  " 

1/k  base  metal  failure 
546  " « »' 

0.002 

0.002 

7/8  base  metal  failure 
546  spalling 

7/8  base  metal  failure 
1/k  « " ■' 

0.003 

0.003 

1/2  spalling 
7A6  " 

1/2  base  metal  failure 
3/8  w « n 

o.ool* 

o.ool* 

5/8  spalling 
746  spalling 

3 A spalling  at  edges 
3 /k  n « « « 

8 8 
od 

5/6  spalling 

14  * 

5/8  spalling  at  edges 
5/8  " » « 
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TABUS  in 


BEND  TESTS 

2iiS-T3  BARE  0.051  INCH  THICK 
Radius  Required  for  90°  Bend  of  Base  Metal  1/8  - \/k  Inch 


Coating 

Thickness  Compression  Side  Tension  Side 

Inches  Bend  Radius  - Inches  Bend  Radius  - Inches 
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TABLE  I? 

' BEND  TESTS 

2l»S-Tli  ALCLAD  0.051  INCH  THICK 
Radius  Required  for  90°  Bend  bf  Base  Metal  1/8  - 1/k  Inch 


Coating 

Thickness  Compression  Side  Tension  Side 

Inches  Bend  Radius  - Inches  Bend  Radius  - Inches 


0.0005 

1/S  flaking 

3 fyi  base  metal  failure 

0.0005 

3A  » 

3/32  M « « 

0.001 

7/8  flaking 

1/8  base  metal  failure 

0.001 

1 » 

3/32  « " » 

0.002 

3 A spalling 

3/8  base  metal  failure 

0.002 

....  5/8  • 

1A  " " ■ 

0.003 

5/3  spalling 

3 /!(>  base  metal  failure 

0.003 

1A  • 

3/L6  « « « 

0.00U 

5A  spalling 

3 /hi  base  metal  failure 

0.00U 

1/2  ■ 

3/32  " « « 

0.005 

5 A spalling 

3/32  base  metal  failure 

0.005 

5/8  « 

3/32  « n « 
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TABLE  V 


BEND  TESTS 

75S-T6  0.051  INCH  THICK 

Radius  Required  for  90°  Bend  of  Base  Metal  3 A^  - 5A^  Inch 


Coating 

Thickness  Compression  Side  Tension  Side 

Inches  Bend  Radius  - Inches  Bend  Radius  - Inches 


0.0005 

0.0005 

1/1*  spalling 
3A6  « 

3/L6  base  metal  failure 
1/8  n « w 

0.001 

0.001 

1/U  spalling 
3/8  " 

3A^  base  metal  failure 
3 A6  ■ ■ n 

0.002 

0.002 

3/8  spalling 
3/8  » 

3 A6  base  metal  failure 
3A6  ■ " ■ 

0.003 

0.003 

3 A spalling 

. 1/2  • 

1/2  spalled  edges  3/1&  B.M. 
1/2  » » 1/1*  B.M. 

0.001* 

0.00l» 

1 /L6  spalling 
1/2  " 

7A6  spalled  edges  3/l6  B.M. 
1/2  « " 5A6  B.M. 

0.005 

0.005 

1/2  spalling 
3/U  « 

5 A6  " " 1/U  B.M* 

3/8  " ■ lA  B.M. 
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TENSIIE  TEST  DATA  61S-T6  ALLOT  - 0.032  INCH  THICK 
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(3)  Started  flaking  at  1010  pounds 
()i)  Flaked  off  entirely. 
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* ■ Gage  marks  were  lost  when  coating  flaked  off. 

(1)  No  stress-strain  record.  Coating  flaked  off  entirely, 
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0.005  0.0775  0.0775  1350  17,liOO  18,230  1280  70  7 2lj20  31,200  32,700  5.5 

0.005  0.0775  0.0775  1290  16,700  17,1100  1280 10  _ 1 2100  27,100  28,300  3.0 

Note:  The  metal  had  an  open  structure  and  the  oxide  coating  penetrated  into  the  pores  further  reducing  strength  and 

ductility. 
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Note:  The  metal  had  an  open  structure  and  the  oxide  coating  penetrated  into  the  pores  and  the  results  are  not  felt 

to  be  applicable  to  sound  metal. 
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TABLE  XXIV 


COEFFICIENTS  OF  EXPANSION 


Coating 

Thickness 


Alley 

Inches 

(-k0)-68°F 

68-212°F 

68-392°F 

68-572°F 

6lS 

0.00 

*9.35 

10. k 

12.7 

13.75 

6lS 

0.002 

9.5 

12.6 

13.  k . 

13.6 

6lS 

0.0035 

10.35 

11.9 

13.05 

13.3 

XA78S 

0.00 

9.86 

12.9 

13.9 

13.75 

XA78S 

0.002 

9.6 

12.  k5 

13.6 

13.35 

XA78S 

o.ook 

9.85 

12.05 

13.3 

13.5 

2I4S 

0.00 

10.1 

13.0 

13.5 

lk.6 

2I4S 

0.002 

9.6 

11.6 

12.8 

13.75 

2kS 

o.ook 

9.8 

11.0 

12.7 

13.8 

2I4S 

Ale lad 

0.00 

9.85 

12.1 

13.2 

lk.l 

2itS 

Ale lad 

0.002 

9.35 

12.65 

13.5 

lk.l 

2ltS 

Ale lad 

o.ook 

9.55 

11.85 

12. k 

13. k 

75S 

0.00 

9.5 

11.1 

13.6 

13.6 

75S 

0.002 

9.8 

13.6 

lk.0 

13.9 

75S 

o.ook 

10.1 

12. k 

13.8 

13.65 

356 

0.00 

9.k 

11.25 

12.55 

13.7 

356 

0.002 

9.0 

10.8 

12.85 

13.7 

356 

o.ook 

9.5 

11.6 

12.1 

13.  k 

220 

0.00 

10.1 

13.65 

lk.l 

ik.k5 

220 

0.002 

10.7 

13.6 

13.9 

lk.  3 

220 

o.ook 

10.35 

12.6 

13.7 

lk. 3 

^Multiply  all  values  by  10 ”6 
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TABLE  XXV 


THERMAL  SHOCK  TESTS 

XA78S  - O.OOh-inch  coating  spalled  off  slightly  after  hth  shock. 
2ltf>  - O.OOli-inch  coating  spalled  off  slightly  after  Ijth  shock. 
75S  - O.OOU-inch  coating  spalled  off  slightly  after  i*th  shock* 


ABRASION  TEST  DATA 


Alloy 

Coating 

Thickness 

Inches 

As-Coated 
Abrasion 
Resistance 
Grains  of 
Abrasive 

After  1st 

Quench 

Abrasion 

Resistance 

Grains  of 

Abrasive 

After  5th 

Quench 

Abrasion 

Resistance 

Grams  of 

Abrasive 

61S 

0.002 

358 

299 

271; 

61S 

0.0035 

7h3 

550 

551; 

XA78S 

0.0002 

2 59 

29U 

269 

XA78S 

O.OOOl; 

551 

2lii* 

280 

2I4S 

0.002 

191 

161 

l8ii 

2liS 

0.00U 

231 

191 

7U* 

2 hs  Alclad 

0.002 

522 

336 

331; 

2l|S  Alclad 

O.OOii 

1071 

639 

500 

75S 

0.002 

hSl 

322 

1;32 

75S 

O.OOlt 

67  9 

33U* 

VS 

% 

^Coating  flaked  off  daring  abrasion  test. 
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^Specimen  has  not  failed  in  220  days, 

#*The  two  casting  alloys,  220  and  3$6  were  tested  with  only  0.00,  0.003,  and  0.00^-inch  coatings. 


ooo'i  * isd  'rrsais 
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0001  0.002 
AMOUNT  Or  WEAR,  IN. 

Fi  q.  I 


*'■  TIME  I/S.  THICKNESS  OF  COATING 
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TIME  - MINUTES 


COSTING  r/t/CKM€S3  - / N< 


GROWTH  DURING  COATING 
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COMMERCIALS  PORE  ALtMINlK  SHEET  WITH  0.003-INCH  raAOTifi 

CRAZED  PATTERN  DDE  TO  DIFFERENTIAL  THRHMAT.  EXPANSION. 
SOME  CRACKS  WERE  IRESENT  WHEN  PIECE  WAS  REMOVED  FROM 

TFTB!  TiATW, 


Figure  5 
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&S  Alclad 
0.031-inch  Thick 
0.0022-inch  Clad 
0.004-inch  Coating 


24S  Alclad 
0.082-inch  Thick 
0.0056-inch  Clad 
0.004-inch  Coating 


Blisters  on  24s  Alclad  Sheet  Which  Occurred  When  the 
Bard  Coating  Thickness  Exceeded  the  Thickness  of  the 
Cladding. 


Figure  6 
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SAMS  SPOOL  AS  ABOVE  WITH  0.00>-INCH  COATING  APPLIED 

NOTE  ROUGHNESS  OF  SURFACE.  AN  ALLOWANCE  OF  0.0005 
INCH  WAS  PROVIDED  FOR  HONING  TO  A SMOOTH  FINISH 

Figure  7 
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CEACKS  IN  0.003-INCH  COATING  FQBMED  ON  l/lUINCH  DIAMETER 

300X  UNETCHED 

NOTE  HOUNDED  AREAS  OF  INCREASED  PENETRATION  AT  THE  BASE 
OF  THE  CRACKS  WHICH  SHOW  THAI  TEST  OCCURRED  DURING  PRO- 
CESSING. 

Figure  9 
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f-  Hard  Coat 


<-  6lS  Alloy 


500X 


Polarized  Light 


Structure  of  Coating  on  6lS  Alloy  When 
Illuminated  With  Polarized  Light 


Except  for  the  layer  of  material  next  to 
the  base  metal,  the  microstructure  of  the 
coating  on  6lS  Alloy  is  homogeneous. 


Figure  10 
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♦•Bard  Coat 


50QX  Unetched 

Structure  of  Coating  on  24s  Alloy  as  Observed 
When  Illuminated  by  White  Light 


Figure  11 


50QX  Polarized  Light 

Layer  Structure  of  Coating  on  24s  Alloy 
as  Brought  Out  ty  Polarized  Light 

Figure  12 
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*24S  Alloy 


^Hard  Coat 


ir  24s  Alloy 
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Exposure  Hack  on  the  Hoof  of  Cornell  Aeronautical  Laboratory 
Which  is  Located  in  a Semi-Industrial  Atmosphere 

Figure  l4 
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ABBAS/ON  RESISTANCE 

24 S BADE 

TMOSPPEPIC  EXPOSURE  UUMIDITY  EXPOSURE 
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ABRASION  RESISTANCE 

75  A 


.001  .002  .003  .004  .005  -OOI  .002  .003  .004  .003 

COATING  TN/C/SN£S3  • /NS.  COATING  TU  1C K N CSS  - INS . 

S/G.  17 


AB2AS/ON  QCSIS  TANCC 

XA  78S 


0!9  t193W  081  SWVGO  JO  S-aidONnH 
JDNVJ.9!9Jd  NOisvaav 
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ABRASION  PE5ISTANCE 

6/vS 
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A B IP  A 5 ION  QES/S  TA  NCE 

J 56  ALLOY 

ATMOSPHERIC  EXPOSURE  HUMIDITY  EXPOSURE 


o/S'  nsjw  091  PMvao  jo  sosaaNnn 
sonvie/ejo  Noisvaav 
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COATING  THICKNESS  • /NS.  COATING  THICKNESS  - INS. 


DIELECTRIC  STRENGTH 


COATING  THICKNESS -IN.  COATING  TH/CKNCSS  - IN. 


DIELECTRIC  STRENGTH 


<0 

<0 


o 


o 

0 

o 
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o 

O 
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o 

M- 

b 

CM 

3DV110A  mOQAVJdQ 

nrt  rrm  C2_1  Cl  S3 


.001  .002  .003  .004  DO  5 O .001  .002  003  .004  .005 

COAT/NG  THICKNESS-IN.  COATING  THICKNESS-IN. 

TIG.  24 


EFFECT  OF  COATING  ON  FATIGUE  STRENGTH 
245  ALCLAD  - .053" TH/C/C 
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10,000  100,000  1,000,000  10,000,000 

CYCLES  TO  FAILURE 
FIG . Z7 


ZD!  H1JS0 ' - S'  91 

H ION  3d  IS  3(1 0! IV 3 NO  DNtlVOD  JO  103333 


7 9 d OOOt  - 993d IS 
8 7 
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10,000  100,000  1,000,000  10,000,000 

CYCLES  TO  E A I LURE 
E/G.  26 


YCLCS  TO  FAILUQE 
FIG.  29 


ettect  or  coating  on  eatigue  strength 

753  ALCLAD  - 040  * TUICK 
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39 


CYCLES  TO  FAIL 

/7 (3.  30 


ZOIt/1  » cTO  ’ - 919 
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10,000  100,000  1,000,000  10,000,000 

CYCLSTS  TO  rA/LU0C 
F/G.  3 1 


?fO/t11  , 150'  -519 

ttlDNJdlS  3DDI1 VJ  NO  ON/1VOD  JO  103JJ3 


jsc/oooj  - ??Jd/2S' 
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rrrgcr  or  coating  on  eatigue  stpengtu 

61s 5 - .080  " TU/CF 


.'*■</ ooo/  - ss-jafi? 
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10,000  100,000  1,000,000  10,000,000 

CY'CLCS  TO  FAILUGC 

FIG.  53 
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1 006,000  10 I OOO,  000 

CYCLES  TO  FAtLUQE 

r/G.  34 


ION  FOR  Figure  35 


WADC  TR  53-151 


Failure 


ssssstel 


V « 

MM 


VjrSSS ~ •'  >-55  Ijr-  i } 

$fe '.;  p :*&  5* 

timma 

W&m 


WADC  TR  53-151 


LOCATION  OF  FAILURES  IN  6lS  FATIGUiS  SE3CIMENS  COATED  FOE  HALF  THSIR  LENGTH 

6lS  - 0.051-INCH  THICK 

Figure  35 


A1NO  JO/S'  3NO  NO  '03.!  VOO  9N3WID3dS 

xo/ni  „ iso  - r/9 

M1DN3319  3D0HVJ  NO  9 NHVOO  JO  103JJ3 
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9£‘OJJ 

3&PHVJ  01  931  DAO 
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ettect  or  coating  on  fatigue  strength 

220  - .150*  THICK 
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1,000,000  10,000, 000 

rCLCS  TO  rAILVOC 

r/G.  37 


crrrcr  or  coating  on  rAT/Guc  strength 

3S6  - .150  * THICK 
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10,000  100,000  1000,000  10,000,000 

CYCLE'S  TO  FAILURE 

FIG.  .36 


Bend  Test  on  2J+S-T3  Alley  With  O.OOl-Inch  Coating 

Outer  layer  has  peeled  off  for  a considerable  dis- 
tance while  layer  in  contact  with  base  metal  has 
pitted  only  slightly. 

Figure  39 
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•T3  Alley  With 
ng  peeled  off 


Bend  fleet  24S-T3  Alloy  With  O.OO^Inch  Coating 
Coating  spalled  off  in  full  thickness. 


Bend  Test  on  6lS  Alloy  With  0.004-Inch  Coating 

Coating  spalled  off  over  wide  area  when  initial 
failure  occurred.  Edge  spalling  precedes  general 
fail  lire. 

Figure 
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, ' ' • . I \ v'i.''  » !*■'<?•  f.  ■'  t-V.  ■ - S - ■ 1 ' ■ 
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Bend  Test  on  O.OOS-Inch  Coating  on  6lS  Alloy 

Coating  failed  ty  hairline  spalling  on  the 
compression  side.  The  coatings  on  75s  alloy 
and  X&78S  alloy  fail  in  the  same  manner  in» 
dicating  a tenacious  adherence  to  the  base 
metal. 


Figure  4l 
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TIME  MINUTES  TIME  MINUTES 

/*/G.  43 


TUCPMAL  CONDUCTIVITY 
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TIME  - MINUTE'S 


DEFECTS  OF  BAIN  EROSION  ON  MARTIN  HARDCQAT 
ONE  INCH  PER  BOHR  RAINFALL  AT  500  M.  P.  H 


Figure  kj  A 
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if 


figure  4g  A 


EXPLANATION  OF  FIGURE  2+9 


Panel  No.  1 

Alloy  2lvS-TU 

Coating  Thickness  - Inches  0.000 

Angle  of  Panel  hS° 

Side  Shown  Exit 


2 3 

2US-TU  2liS-TU 

0.003  0.003 

a$°  is0 

Exit  Entrance 


Panel  No. 

Alloy 

Coating  Thickness  - Inches 
Angle  of  Fanel 
Side  Shown 


h 

2hS-Th 

0.000 

90° 

Exit 


5 6 

2liS-TU  2l|S-TU 

0.003  0.003 

90°  90° 

Exit  Entrance 


Panel  No. 

Alloy 

Coating  Thickness  - Inches 
Angle  of  Panel 
Side  Shown 


7 8 9 

75S-T6  75S-T6  75S-T6 

0.000  0.003  0.003 

bS°  h$°  hS° 

Exit  Exit  Entrance 


Panel  No. 

Alloy 

Coating  Thickness  - Inches 
Angle  of  Panel 
Side  Shown 


10 

75S-T6 

0.000 

90° 

Exit 


n 12 

75S-T6  75S-T6 

0.003  0.003 

90°  90° 

Entrance  Exit 
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EFFECT  OF  GUNFIRE  PENETRATION 
Figure  4g 
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